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ABSTRACT 
 This study applies high precision 238U/235U measurement techniques two three geologic settings: basalt 
differentiation, uranium ore genesis, and the remediation of a uranium-contaminated groundwater system.  In 
the latter two cases, 238U/235U is used as a tracer of uranium reduction.  238U preferentially enters the reduced 
(solid) U phase, thus analysis of U ores can reveal information on the  development of an ore body (chapters 2 
and 3) while analysis of 238U/235U in contaminated groundwater can be used to monitor the progress of uranium 
reduction (chapters 4 and 5).  238U/235U measurements are applied in a less orthodox way to the problems of 
magmatic differentiation, where 235U separates from 238U when a partially-molten basalt is allowed to equilibrate 
under a temperature gradient.  This extends the previous work on the isotopic effects of thermal diffusion into 
the heavy elements, and presents new research on the mineralogical development of a basalt under a thermal 
gradient.  There are five studies in this work: 238U/235U is first applied to detect the effect of a thermal gradient on 
a partially molten basalt, with variations of ≈1.0‰ found over ≈150°C.  238U/235U is then applied to the case of 
sedimentary reduced uranium ore deposits.  A general survey of finds a shift of ≈1.0‰ between magmatic-type 
and sandstone-type uranium ores.  A small-scale study of a uranium roll front deposit finds 238U/235U variation in 
excess of 1.0‰.  In both cases, the shift in 238U/235U is attributed to the nuclear field shift effect during uranium 
reduction.  238U/235U analysis is then applied to a groundwater remediation setting at a biostimulation experiment 
at the former site of a uranium tailings pile in Rifle, Colorado.  238U/235U analysis of a bioremediation experiment 
finds a shift of ≈1.0‰ associated with a large (≈90%) decrease in dissolved uranium concentration.  This shift is 
again attributed to the nuclear field shift effect during uranium reduction.  Finally, 238U/235U analysis is used to 
trace the cause of an abnormal change in dissolved uranium concentration during a subsequent biostimulation 
experiment at the Rifle, Colorado site.  By analyzing the sense and timing of shifts in 238U/235U relative to shifts in 
dissolved uranium concentration I am able to differentiate between uranium reoxidation, uranium desorption, 
and advection of uranium-bearing groundwater.   
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There are many ways... 
This is for all who taught me 
...any can be right. 
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CHAPTER 1 
MINERAL CRYSTALLIZATION AND ISOTOPIC FRACTIONATION OF HEAVY ELEMENTS IN BASALT UNDER 
A THERMAL GRADIENT1 
ABSTRACT 
Thermal migration, the process of compositional rearrangement by chemical diffusion driven by mineral 
saturation gradients in a temperature gradient, has recently been proposed as a mechanism for 
producing bulk differentiation in igneous rocks; the idea is testable because diffusion due to a 
temperature gradient (thermal diffusion) produces large isotopic fractionations.  However, the 
experimental work on thermal diffusion has focused on isotopic fractionation of the relatively light 
elements (i.e. Fe, Mg, Si).  Here, I provide new data for two thermal migration experiments using the 
standard reference basalt BCR-1 admixed with a multi-element spike.  These experiments were 
performed in a piston-cylinder apparatus with a temperature gradient from 1330°C down to ≈800°C at 
0.5 GPa for varying periods of time (≈34 and ≈7 days).  Under these conditions basalt partially melts and 
differentiates by thermal migration: after 7 days opx, cpx, garnet, and melt are present throughout the 
upper half of the experiment.  After 34 days, thermal migration has caused the mineral and melt phases 
to autosegregate into an all-melt region at the hot end of the experiment and ≈1mm-scale 
monomineralic bands of opx, garnet, and cpx+garnet above a microcrystalline matrix of predominantly-
unreacted BCR-1.  Grain sizes increase significantly as thermal migration proceeds, with the pyroxenes 
growing from ≈15-25μm to ≥300μm in size.    
Hf and U isotope analysis was performed on the long-duration (at temperature and pressure for 
34 days) experiment by MC-ICP-MS.  Both 180Hf/177Hf Hf and 238U/235U show circa ≈1.0‰ shifts as a 
function of position in the temperature gradient in the upper half of the charge; 180Hf/177Hf vs. 238U/235U 
are linearly correlated, consistent with thermal migration.  Results from previous work (Huang, et al. 
                                                          
1
 Oxygen isotope analysis data was provided by Ilya Bindeman (University of Oregon) for experiments LR-BCR-1 
and SR-BCR-1. 
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2009, Huang, et al. 2010) indicate that lighter isotopes should be concentrated at the hot end of a 
thermal gradient; this is what we observe for U and Hf.  Combining thermal diffusion isotopic 
sensitivities for Hf and U with those known for lighter elements, we find a power law relationship 
between atomic mass and thermal diffusion sensitivity.  This relationship suggests that thermal diffusion 
is a product of differential jump distances for isotopes of different masses at a given kinetic energy, and 
allows us to speculate on the physical causes of thermal diffusion and predict the sensitivity of other 
elements to thermal diffusion as a guide for future experimentation and the application of isotopic 
methods to detect thermal diffusion in nature.   
INTRODUCTION 
Variation in the composition of both continental and oceanic basalts has been generally attributed to 
mechanical processes such as fractional crystallization.  Although temperature gradients have long been 
known to exist along the margins of cooling igneous bodies, they have traditionally been assigned only a 
very minor role in causing the compositional variation of igneous bodies.  Such gradients were generally 
thought to be short-lived and largely unimportant to igneous rock evolution.  Because heat diffusion 
greatly outpaces mass diffusion, a temperature gradient would dissipate before significant mass 
diffusion can take place (Bowen, 1921).  Recent work, however, has postulated a larger and more active 
role for temperature gradients under conditions of incremental emplacement, even suggesting that 
long-timescale temperature gradients may be uniquely capable of creating large granitic bodies 
(Lundstrom 2009) and layered mafic intrusions (Lundstrom, et al. in press). 
There are many terms concerned with temperature gradient experiments in the literature and it 
is useful to begin by defining these clearly here.  “Thermal migration experiments” are experiments 
where a partially molten material is placed in a temperature gradient.  This material undergoes mass 
transport by diffusion of liquid species in a chemical gradient caused by changes in crystal solubility as a 
function of temperature (i.e. “thermal migration”).  Soret experiments, or the “Soret Effect” (sometimes 
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“Soret Process”), refer to experiments where a single liquid phase exists in a temperature gradient.  
“Thermal diffusion” refers specifically to diffusion driven by a temperature gradient (Huang et al., 2008). 
In both Soret and thermal migration experiments both thermal diffusion and chemical diffusion occur.  
“Thermal Migration Zone Refining” (TMZR) refers to a macro-scale process of magma differentiation due 
to a slowly migrating thermal gradient zone of fixed size (Lundstrom 2009). 
Recent work by Huang et al. (2009) outlines the results of an experiment that placed a wet 
andesite (USGS standard AGV-1) in a temperature gradient for an extended period of time.  The results 
of this experiment were groundbreaking.  The andesite developed a distinct sequence of igneous 
mineral arrivals, a well-defined apparent foliation, and bulk differentiated into felsic “granite” at the 
cold end of the gradient and a more mafic amphibole layer in the middle of the temperature gradient.  
While this experiment was strictly unphysical in terms of ∂T/∂L (several hundred °C in 19mm), it 
nevertheless shows the potential of a temperature gradient to differentiate a homogenous material into 
several distinct assemblages without recourse to mechanical separation of minerals and melt. 
Research has shown the effects of thermal gradients in other geologic materials as well.  Walker, 
et al. (1988) demonstrated that a komatiite melt in an open crucible develops textures of olivine 
cumulates when held in a thermal gradient for varying periods of time.  That same study also 
demonstrated the independence of this effect from gravity or buoyant forces by inverting the 
temperature gradient.  Lesher and Walker (1988) present a more detailed treatment of thermal 
migration effects in the context of layered mafic intrusions, including the development of cumulate 
textures and apparent compaction of crystal piles in a thermal gradient.  Both of these studies present 
thermal gradients as a significant process in the context of a cooling layered mafic intrusion and 
specifically invoke thermal migration as a contributing factor in the development of cumulates, though 
Lesher and Walker (1988) calculated that thermal migration could only be effective on the centimeter- 
or meter-scale in a solidifying layered mafic intrusion. 
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Here we report the results of thermal migration experiments on dry, partially-molten basalt 
doped with a multi-element spike.  These experiments examine two important aspects of thermal 
migration: autosegregation of a homogenous starting material into monomineralic layers and the 
development of a gradient in isotopic composition parallel to the thermal gradient characterized by 
increasing enrichment in lighter isotopes with increasing temperature.  Previous experiments have 
emphasized the importance of fluxing agents in facilitating thermal migration at low temperatures and 
have examined isotopes of the light elements (i.e. Ca, Fe, Mg) for evidence of thermal migration.  Our 
experiments have been conducted without water added to test its importance, and we have analyzed 
isotope ratios for the heavy elements Hf and U to determine the effectiveness of thermal migration and 
its dependence on atomic mass. 
EXPERIMENTAL DESIGN 
The two experiments described here were similar except for the period of time they remained at high 
temperature and the length of the experiment charge.  Experiment LR-BCR-1 was allowed to remain at 
temperature for 34 days and was ≈6mm long while experiment SR-BCR-1 remained at temperature for 7 
days and was ≈8.5mm long.  The thermal gradient in each experiment was presumably the same, and so 
the change in length should have no significant impact on the experiment. 
The starting material for these experiments was USGS standard material BCR-1 doped with a 
multi-element spike.  1g of BCR-1 standard powder was mixed with ≈1ml of liquid containing Li, Sr, Cr,  
Cu, Hf, Nd, and U (see table 1.1).  This multi-element spike was prepared from ICPMS-grade trace 
element solutions.  Because one of the goals of these experiments is to examine relative changes in 
isotope ratio across the experimental charge, precise knowledge of the starting composition of the 
sample is not necessary as long as the sample is homogeneous.  The BCR-1 powder with multi-element 
spike was ground in a mortar-and-pestle with ethanol for ≥30 minutes to thoroughly mix the powder 
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and spike material. The resulting powder was oven dried before preparation of the experimental 
charges. 
The experiments were performed using an endloaded piston-cylinder apparatus (Rockland 
Research) at the University of Illinois at Urbana-Champaign.  The ¾” charges consisted of a Pyrex and 
NaCl sleeve ≈4cm in length with machined MgO as the media surrounding the capsule (Ayers, et al. 
1992).  The experiments themselves were contained in graphite capsules ≈6mm long.  These capsules 
were loaded with ≈≤0.16g prepared BCR-1 described above, placed in an oven to drive off any absorbed 
water, and then closed with a tight fitting graphite lid.  No special steps were taken to seal the 
experiment capsules.  The experiment charges included a Pt-Rh thermocouple housed in an alumina 
sleeve at the top of the experiment. 
After pressurization to 0.5 GPa, the experiments were brought to a final running temperature of 
approximately 1330°C by raising the piston-cylinder temperature at a rate of 100°C/minute.  The piston-
cylinder apparatus was taken off of automatic temperature control after 24 hours and placed on 
constant output power for the remaining period of the experiment.  The temperature offset across the 
experiments was estimated at ≈400°C for LR-BCR-1 (≈1260° to ≈800°C; figure 1.1-2) and ≈850°C for SR-
BCR-1 (≈1245°C to ≈400°C; figure 1.1-2) using the spinel growth measurement technique of Watson et 
al. (2002).  The amperage, voltage, temperature, and pressure remained nearly constant during the 
experimental period (i.e. figure 1.1b).  The experiments were quenched by shutting off the piston-
cylinder heater with the cooling system left on; the experiment temperature dropped to ≤200°C in ≤1 
minute. 
The two experiments reported here vary only in their duration and the length of the experiment 
charge.  The similarity between the temperature gradients of the two experiments and the apparent 
lack of activity in the cold portion of the experiments indicate that the difference in charge length had 
negligible impact on our results.  Experiment LR-BCR-1 was allowed to proceed for an extended period 
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(34 days) allowing greater time for any thermal migration driven differentiation to occur.  Experiment 
SR-BCR-1 was allowed to proceed for only a short period of time (7 days).  This time series allows for 
observations of the evolution of composition and mineralogy during the process of thermal migration. 
ANALYTICAL METHODS 
After extraction from the piston-cylinder apparatus, each charge was embedded in petrographic epoxy 
and then cut free of the upper half containing the thermocouple assembly.  This assembly was retained 
for determination of the temperature gradient profile by the method of Watson et al. (2002).  Each 
graphite capsule was then cut along its long axis.  The two halves of the charge were examined for gross 
morphology and structural soundness before proceeding with sample preparation.  One half of LR-BCR-1 
was cut into seven approximately equal vertical slices, from which the sample material was extracted 
and reserved for isotopic analysis as described below.  The remaining half of the experiment capsule was 
made into a surface mount for SEM analysis by embedding in petrographic epoxy in brass rings 
approximately 2.5 cm in diameter.  Experiment SR-BCR-1 was only made into a surface mount for SEM 
analysis. 
Mineralogical Analysis: Scanning Electron Microscope 
The 2.5cm mounted samples were prepared for SEM analysis by sanding down on an oil polishing wheel 
until the sample was fully exposed and polishing on fine-grit sandpaper.  Sample LR-BCR-1 was initially 
prepared using a water-based dissolution; however it was re-polished using oil as a check against loss of 
sample material by dissolution.  No significant difference was found between the results from the two 
polishing methods.  The analyses presented here were taken from the samples polished in oil. 
The samples were analyzed on the JEOL 840A scanning electron microscope at the Department 
of Geology, University of Illinois at Urbana-Champaign.  Analyses were made using an energy dispersive 
(EDS) detector system with a 15kV accelerating voltage and a beam current of 30nanoamps.  EDS 
analyses were processed using 4Pi revolution software (version 1.6b226) and calibrated against the 
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Smithsonian standard Kakanui hornblende. The quantification routine (with ZAF correction) was checked 
against analyses of Smithsonian basalt glass VG-2.  Compositions were measured in ≈330x330μm areas 
in two “stripes” down each EDS map of the experiment (figures 1.3 and 1.4), and the results averaged 
together to determine bulk composition at that position in the temperature gradient.  The 
reproducibility of these measurements is given by the Root-Mean-Squared Deviation (RMSD) for each 
element through the entire charge and every element for each pair of analysis areas.  The RMSD 
describes how one analysis area analysis in a matched pair predicts the composition of the other.  The 
RMSD thus gives a good characterization of the effects of sample heterogeneity on the measurements. 
Isotopic Analysis: Mass Spectrometry 
One half of experiment LR-BCR-1 was reserved for isotopic analysis.  This half was cut into seven slices 
≈1mm thick, with the slices on the ends thinner than the slices taken from the center of the charge.  
Each slice was dissected under a petrographic microscope to separate the graphite capsule and 
petrographic epoxy from the experiment material.  The separates were then placed in 7ml Teflon 
beakers, dissolved in concentrated (≈26N) hydrofluoric acid, and evaporated to dryness.  Treatment with 
a small amount of saturated boric acid in HCl followed to remove any CaF2 precipitates.  After drying, 
the resulting material was examined under petrographic microscope for undissolved glasses, graphite, 
and epoxy.  The samples were then dissolved in ≈15N nitric acid, centrifuged to separate any 
undissolved graphite, then diluted and stored in a cleaned (by ≈4N HCl leach for ≥7 days) polypropylene 
centrifuge tube in ≈16N nitric acid.  As prepared, each slice yielded 15ml of master solution suitable for 
isotopic analysis. 
The preparation of samples for Hf isotope analysis requires both an initial preparation step and 
a column separation.  The initial sample preparation was performed at the Isotope Geochemistry 
Laboratory at the University of Illinois at Urbana-Champaign (UIUC) Department of Geology.  The 
samples were prepared by drying down aliquots of the master solutions described above and then 
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redissolving them in 5ml 3M HCl.  The column chemistry was performed at the Isotope Geochemistry 
Laboratory at the University of Iowa Department of Geology.  The Hf column separation procedure is 
similar to the Boise State University column chemistry procedure (available online) which is based on 
methods in Munker, et al. (2001).  The samples were loaded on to 1ml HDEHP (Ln-spec) resin and 
washed with 3M HCl to eliminate matrix.  Ti was separated by washing with a mixture of citric acid, nitric 
acid, and hydrogen peroxide.  The hydrogen peroxide was then washed out of the column, and the Hf 
eluted in 6M HCl + 0.4M HF.  The samples were then dried down and redissolved in 2% HNO3 for isotopic 
analysis. 
The preparation of samples for U isotope analysis requires a double-isotope tracer addition and 
a single column separation step.  Aliquots from the master solutions described above were mixed with a 
known amount of a double-isotope tracer composed of 233U and 236U.  The double-isotope tracer is very 
pure, having a 233U/236U of ≈0.146001, a 235U/236U of ≈0.00202, and a 236U/238U of ≈691.  The samples 
were then evaporated to dryness to ensure that the tracer and sample were completely equilibrated.  
Samples were then dissolved in 8N nitric acid, loaded on to a column with 2ml of AG1-8X resin, and 
washed with ≈3.5 column volumes of 8N nitric acid.  Uranium was eluted using 18.2MΩ water and 1N 
HBr.  The samples were then evaporated to dryness and redissolved in 2% nitric acid for isotopic 
analysis.  The methods used here for U preparation are similar to those published in the literature 
(Bopp, et al. 2009, Edwards, et al., 1987). 
U and Hf isotope ratios were measured on each of the seven lateral slices of the experiment.  
Isotope analyses for both Hf and U were performed on a Nu Plasma HR MC-ICP-MS with attached DSN-
100 Desolvating Nebulizer (Nu Instruments) at UIUC.  All analyses were made in low resolution mode on 
faraday cups.  Hf measurements were controlled by standard-sample bracketing using an ALFA Hf 
standard run between every second sample.  U analyses were controlled by real-time monitoring of the 
double isotope tracer and by standard-sample bracketing using the CRM 112-A (formerly NBS U960) and 
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IRMM REIMP-18A (hereafter U-A) U standard reference materials.  Double-isotope tracer-to-sample 
ratios were ≈3-4 (238U/236U), giving a minimum signal of 233U≥500mV and 236U≥1V; sample signals were 
238U≈16-18V and 235U≥100mV.  The isotope results of this study are presented in the standard δ-notation 
(equation 1.1).  
δ M  
 M M  
Sample
 M M  
Standard
 
M M  
Standard
 1000 
Where M is the element analyzed and X and Y and the heavy and light isotopes respectively.  Hf ratios 
are reported relative to the first ALFA standard run in the analysis session (as shown below), U ratios are 
reported relative to IRMM-REIMP-18A, and oxygen isotope ratios are reported relative to V-SMOW.  
Because of the extremely limited amount of sample available analytical duplicates were not prepared 
for isotope analyses.  Characteristic precision for Hf analysis is ±≈0.3‰ (2σ) and ±0.13‰ (2σ) for U 
analyses; JMC-475 was used as a check standard for Hf analysis.  The corrected 180Hf/177Hf for JMC-475 
was ≈1.8867, which is within the reported uncertainty of the true values. 
 Oxygen isotope ratio analysis was performed on both LR-BCR-1 and SR-BCR-1.  Small solid 
samples of each experiment were sent to the Univeristy of Oregon stable isotope lab for analysis by 
laser fluorination gas source mass spectrometry (i.e. Bindeman, et al. 2008).  18O/16O analyses are 
reported in the standard δ-notation (eq. 1) and have a characteristic uncertainty of ≤0.1‰. 
 
RESULTS 
These experiments were undertaken with two objectives: (1) examining the mineralogical development 
of basalt differentiating in a thermal gradient; and (2) testing the effect of thermal diffusion on the 
isotopic fractionation of the heavy elements.  The presentation of my results, and the discussion of their 
interpretation and impact, will be guided by these objectives.  In this section, I will discuss the 
Equation 1.1 
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observations for each experiment in turn before discussing any issues that affect both experiments.  I 
will reserve comparisons between the experiments for the discussion. 
 
Mineralogy 
Both experiments show bulk mineralogy composed of orthopyroxene (Opx), clinopyroxene (Cpx), garnet 
(Grt), ilmenite (il), undifferentiated starting material (BCR-1 powder), and glass (quenched melt).  SEM 
images and phase maps for each experiment are given in figures 1.3 and 1.4; and the area of quenched 
melt (glass) in LR-BCR-1 can be seen as the shiny black area of the charge in figure 1.1. 
 
SR-BCR-1 
The short-duration experiment SR-BCR-1 shows melt, opx, garnet, cpx, ilmenite, and the BCR-1 starting 
material.  Mineral-in boundaries are in that order, starting from the hot end of the experiment.  Opx, 
cpx, and garnet form oblong anhedral to subhedral crystals 15-25μm in length, with the long axis of the 
garnets aligned parallel to the direction of ΔT.  Ilmenite forms very small crystals on the order of ≤4μm 
in size.  The mineral crystals are disbursed within a glass matrix, with only a small (7% by mode) area of 
all-melt present in the hottest part of the experiment.  The minerals in SR-BCR-1 are not segregated into 
monomineralic layers as in LR-BCR-1.  
 
LR-BCR-1 
The long-duration experiment LR-BCR-1 shows melt, opx, garnet, cpx, ilmenite, and the BCR-1 starting 
material.  The experiment is ≈28% melt, ≈11% opx, ≈8% garnet, ≈13% cpx, and ≈38% BCR-1 starting 
material by mode.  The minerals are segregated into monomineralic bands that are aligned 
perpendicular to ΔT (i.e. each is along an isotherm).  Opx occurs as coarse crystals that are 300x630μm 
in size, with the cpx forming minerals of similar dimensions.  The garnets are of two types: pristine, well 
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formed crystals ≈2mm from the hot end of the experiment and poorly-formed, eroded crystals ≥2.5mm 
from the hot end of the experiment.  The pristine garnets form euhedral to subhedral non-isometric 
crystals ≈630x352μm in size with the long axis aligned perpendicular to ΔT (parallel to an isotherm).  The 
garnets farther from the hot end of the experiment occur as heavily embayed, subhedral crystals 
without any characteristic alignment relative to ΔT that are similar in size to the pristine garnet.  
Ilmenite crystals are on the order of ≈30x60μm in size near the ilmenite-in boundary, and grow smaller 
toward the cold end of the experiment. 
 
Compositional Profiles 
Major element compositions were determined by SEM analysis as described in the analytical methods.  
The compositional profiles for both experiments are given in table 1.3 and figure 1.5.  
 
SR-BCR-1 
After only 7 days, SR-BCR-1 shows some compositional reorganization.  Cl, Cr, Fe, and Si have already 
begun to migrate to the hotter end of the experiment: Si increases by ≈5wt% oxide, while Cl increases to 
≈0.5wt% oxide at the hot end.  Na, Ca, and Mg show different trends: Na increases from ≈3 to ≈5.5wt% 
oxide toward the colder end of the experiment while Ca and Mg increase by ≈2.5wt% oxide in the 
middle of the experiment.  In contrast, Al appears homogenous through SR-BCR-1. 
 
LR-BCR-1 
LR-BCR-1 shows strong reorganization in all of the major element oxides.  Ca, Mg, and Ti have significant 
peaks of ≈15, ≈25, and ≈3wt% oxide in the middle of the experiment, respectively.  The Mg peak occurs 
in the Opx layer, while Ca and Ti both peak in the garnet/Cpx layers.  Cl, K, and Si have concentrated in 
the melt portion of LR-BCR-1: Cl and K drop from 1.25 and 3.5wt% oxide respectively to ≤0.25wt% oxide 
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across the melt-Opx boundary.  Si increases steadily through the all-melt region, reaching ≈63wt% oxide 
at the hottest end of the experiment (from a starting composition of ≈54wt% SiO2).  Na has almost 
completely left the region of mineral layering, increasing to ≈3-4wt% oxide in the all melt region while 
virtually absent from the region of mineral banding.  Mn and Cr have both concentrated in the garnet 
mineral band where Cr≈1.0wt% oxide and Mn≈0.8wt% oxide.  Fe has also concentrated in the mineral 
banding; in the all-melt region Fe≤5wt% oxide while in the mineral banded area of the experiment 
Fe≥15wt% oxide. 
 The extent of reorganization between LR-BCR-1 and SR-BCR-1 is cast in sharp relief by plotting 
both experiments with wt% oxide on the ordinal and wt% SiO2 on the abscissa (Harker diagrams; figure 
1.6).  These plots clearly show the extent to which thermal migration has redistributed the major 
elements in LR-BCR-1: all the analyses of SR-BCR-1 cluster closely together while the analyses of LR-BCR-
1 are significantly more spread out.  Fe, Mg, and Ca are strongly anti-correlated with wt% SiO2, while K, 
Cl, and Na show relatively strong correlation with SiO2.   
 
Variance in Spot Analyses 
Figure 1.7 shows the RMSD for each experiment by analysis position and element.  Experiment SR-BCR-1 
does not show large changes in RMSD by element or position in the experiment charge.  LR-BCR-1, 
however, shows significant RMSD in Al, Ca, Fe, and Si analyses and in analyses taken 3-4.25mm from the 
hot end of the experiment.  These are due to the presence of heavily embayed garnet through that 
region of the experiment.  The garnet is asymmetrically distributed through the experiment charge, and 
so the composition of the experiment appears to vary through that section of the experiment (see figure 
1.2).  Thus, the large RMSD values reflect asymmetry in the experiment charge and not increased 
analytical uncertainty. 
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Mass Balance 
The mass balance of the experiments can be estimated from the compositional profiles in figure 1.5.  LR-
BCR-1 has an excess of Al and Mg and a deficiency in Ti, Fe, K, and P.  Mg and P are the worst-conserved, 
with Mg showing an impossibly-large peak and P virtually undetected through the entire experiment.  
SR-BCR-1 shows better mass balance, though it also has an apparent excess of Al.  I attribute the 
extreme Mg imbalance in LR-BCR-1 to the inclusion of MgO dust in the experiment capsule before it was 
closed.  These mass imbalances are unsurprising given that no special efforts were taken to seal the 
experiment charges.  There are no physical indications that the experiment charges were damaged or 
incompletely closed, and so the mass imbalance observed here should not invalidate our observations. 
 
Isotopic Fractionation 
All of the isotope systems studied here show systematic variation along ΔT, with light isotopes 
concentrating at the hot end of the experiment.  The results of the isotopic analyses on LR-BCR-1 are 
given in table 1.2 and figures 1.8-10. 
 
Oxygen 
δ18O varies though the experiment charge by ≈5.0‰, from ≈3.5‰ at the hot end to ≈8.25‰ at the cold 
end (figure 1.8).  The variation in δ18O with temperature attenuates in the analyses more than 3.5mm 
from the hot end of the experiment, the same point at which the monomineralic layering stops and 
microcrystalline starting material begins.  This is consistent with thermal diffusion through the melt and 
partial melt in the upper half of the experiment charge. 
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Uranium 
Variation in δ238U through the experiment charge follows the same pattern as δ180Hf: δ238U varies along 
ΔT with light isotopes concentrated at the hot end of the experiment.  δ238U changes by ≈1‰ through 
the experiment charge, from ≈2.1‰ at the hot end to ≈3.1‰ at the cold end (figure 1.9).  As with O and 
Hf, significant fractionation is confined to the hot end of the experiment.  Significant variation in δ238U 
ends ≈3.5mm from the hot end of the experiment at approximately the same point where the 
monomineralic banding ends.   
 
Hafnium 
Figure 1.10 shows the results of the Hf isotope analysis session.  Cross-plots of isotope ratios with the 
same denominator can be used to detect mass-independent fractionation.  Such plots of 178Hf/177Hf and 
179Hf/177Hf vs. 180Hf/177Hf show strongly linear trends, indicating that no mass-independent fractionation 
is occurring.  Two Hf analyses are excluded from these fit lines because of poor data quality due to low 
Hf concentration.  Like δ18O, δ180Hf varies with ΔT with lighter isotopes concentrating at the hot end of 
the experiment.  δ180Hf varies by ≈1.1‰ across the experiment charge, from ≈-0.9‰ at the hot end to 
≈0.2‰.   The majority of this variation occurs in the hot half of the experiment: significant variation in 
δ180Hf stops ≈3.5mm from the hot end of the charge, the same point where the monomineralic banding 
gives way to microcrystalline BCR-1.  By plotting δ180Hf vs. δ238U we find that Hf and U vary linearly 
together (figure 1.9).  This strongly linearity gives allows us to conclude that changes in δ180Hf have 
attenuated in the microcrystalline potion of the experiment despite the poor quality of the δ180Hf 
measurements in the lower-temperature region of the experiment. 
DISCUSSION 
While the design of these experiments is somewhat different from those of Huang, et al. (2009), many 
of the observations from this experiment are similar to that study.  Both sets of experiments formed a 
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well-defined succession of mineral layers with a clear sequence of mineral-in boundaries as well as clear 
trends in isotope ratios along the thermal gradient. 
Mineral Layering: Thermal Migration 
Previous experiments have shown several relationships between the duration of an experiment 
and differentiation by thermal migration processes.  Lesher and Walker (1988) showed that the 
thickness of the melt area increased as a function experiment duration.  Our experiments show a similar 
relationship: the thickness of the all-melt region increases by ≈0.77μm/day.  Crystal size has also been 
shown to be strongly depenent on the amount of time an experiment charge spends in the thermal 
gradient (Lesher and Walker, 1988; Walker et al, 1988).  The behavior of garnet is suggestive of such a 
relationship in our experiments as well.  SR-BCR-1 shows numerous small garnet crystals throughout the 
partially-molten portion of the experiment.  In LR-BCR-1 these small garnet crystals have given way to a 
few coarse garnet crystals that occur at two different horizons (higher temperature and lower 
temperature garnets).  While the higher temperature garnets are euhedral, the embayed texture visible 
in the lower-temperature garnets suggests that those garnets were actively being dissolved when the 
experiment was quenched.  Opx and cpx show a similar differences in SR and LR-BCR-1: opx and cpx are 
present in SR-BCR-1 as small crystals suspended in a partial melt, in LR-BCR-1 these small crystals have 
grown very large and have segregated into ≈1mm-scale monomineralic bands . 
The reorganization of the mineral phases in LR-BCR-1 compared to SR-BCR-1 is attributed to 
thermal migration.  Sequential crystallization and gravity settling of the mineral phases can be 
disregarded:  all the mineral phases present in LR-BCR-1 are present and unsegregated in SR-BCR-1, 
indicating that the phases are cocrystallizing.  Garnet is denser than both pyroxenes: if gravity settling 
were responsible for the mineralogical organization in LR-BCR-1 we would expect garnet to be below 
both pyroxene layers.   
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The observation of well-defined mineral bands is consistent with previous work (Lesher and 
Walker, 1988) on the “compaction” of partially-molten basalt under a thermal gradient.  The term 
“compaction” is imprecise, however, and we prefer the term “autosegregation” for this process of 
mineral reorganization by thermal migration.  The difference between autosegregation and compaction 
is that autosegregation is a fundamentally chemical process.  The monomineralic bands did not form by 
physical movement partitioning and consolidating small crystals; they formed by the chemical 
dissolution of small crystals at higher-solubility temperatures to feed the growth of larger crystals at 
lower-solubility temperatures.  The banding in LR-BCR-1 is the direct result of thermal migration: 
mineral solubility varying with temperature produces varying mineralogy as a function of temperature.   
 The presence of two distinct bands of garnet in LR-BCR-1 is noteworthy.  Examination of SR-
BCR-1 shows garnet throughout the partially-molten domain.  The reason for the apparent partitioning 
of the garnet into two distinct layers may be related to available nucleation sites and diffusion length-
scales (Boudreau 2010)but is more likely a combination of effects.  The lower-temperature garnet is 
more almandine rich while the higher-temperature garnet is more pyrope rich.  This suggests that the 
differential thermal migration of pyrope and almandine together with surface free energy differences 
between larger and smaller crystals (i.e. Ostwald ripening) are responsible for the reorganization of 
garnet.  The corroded, embayed appearance of the lower-temperature garnet band suggests that these 
garnets are being resorbed.  Given the large size, strong euhedral morphology, and pristine condition of 
the higher-temperature garnet crystals; it is likely that the lower-temperature garnet is being resorbed 
to feed the growth of the higher-temperature garnets.   
The presence of significant garnet may also be responsible for the lack of plagioclase in our 
experiments.  Garnet is usually thought to be stable at higher pressures than our experiment (0.5GPa); 
however the high Fe concentration of the starting basalt and high Cr (added with the multi-element 
spike) are likely to have stabilized garnet.  
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The monomineralic banding developed in LR-BCR-1 is consistent with the effects of thermal 
migration reported in previous work (Lesher and Walker, 1988; Walker, et al. 1988).  Our experiments 
do not show mineralogical changes through their entire length: significant changes in mineralogy stop 
after about 3.5mm from the hot end LR-BCR-1  In contrast, the mineralogy of the LTM-AGV-1 
experiment of Huang, et al (2009) changed throughout its entire length indicating that differentiation 
was occurring at temperatures ≈400°C, an effect of the presence of water in the experiment. 
The difference between these experiments and the Huang, et al. (2009) result is that steps were 
taken to drive any water out of the experiment capsules before the experiments began, and no water 
was added to, nor was any effort made to seal, the experiment charges.   While our experiments were 
comparatively free of water, Li was added as part of the multi-element spike and can be an effective 
fluxing agent.  The effect of Li-mediated thermal migration may be important; however the total 
quantity of fluxing agents available in SR-BCR-1 and LR-BCR-1 (including Li) is much lower than that in 
the LTM-AGV-1 experiment of Huang, et al (2009).  This result confirms the interpretation of Huang, at 
al. (2009) that differentiation by thermal migration occurs at magmatic temperatures and is possible at 
low temperatures if partial melt persists (due to high water content) at those temperatures. 
Isotope Effects: Thermal Diffusion 
One other feature of thermal migration experiments is the development of isotope fractionation by 
thermal diffusion.  Recent work (Huang, et al. 2009; Huang et al., 2010; Richter et al., 2008) suggests 
that a fluid placed within a thermal gradient should develop a gradient in isotopic composition due to 
thermal diffusion.  Experiment LR-BCR-1 shows significant isotope fractionation as a function of 
temperature: light isotopes of Hf and U are preferentially enriched in the hot end of the thermal 
gradient, consistent with observations of isotope fractionation by thermal diffusion in the light elements 
(i.e. Mg, Fe; Huang, et al. 2010).  δ18O shows the same trend in our experiments, although the 
magnitude is small (≈5.0‰) in comparison with the ≈22‰ observed in LTM-AVG-1 (Lundstrom, 
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unpublished data, 2010).  δ180Hf changes by 1.1‰ and δ238U by 1‰, both have a mass separation of 
3amu and separate over a temperature gradient of ≈157°C (though the all-melt portion of the 
experiment).  The linear covariation between δ180Hf and δ238U coupled to the absence of crystals in the 
all-melt portion of the experiment argues strongly against any differential partitioning of isotopes 
between mineral phases and the melt. 
My measurements of Hf and U isotope ratios allow us to extend the observations of isotope 
fractionation by thermal diffusion for the light elements to the heavy elements.  Huang, et al (2009) 
noted that Fe and Mg fractionation occurred only from the hot end of the experiment to midway 
through the experiment where quenched melt (glass) was no longer visible: δ26Mg and δ56Fe in the 
colder, crystalline portion of experiment LTM-AGV-1 remained the same as the δ26Mg and δ56Fe values 
of the starting material.  LR-BCR-1 shows the same behavior: δ180Hf and δ238U are strongly fractionated 
in the all melt portions of the experiment and largely unfractionated in the colder, crystalline portion of 
the experiment.  Indeed, δ238U shows no fractionation outside of analytical uncertainty in the bottom 
third of LR-BCR-1 and δ180Hf appears to do the same, though interpretation of δ180Hf in the coldest 
portion of LR-BCR-1 is frustrated by poor data quality.  These observations also extend previous findings 
(i.e. Ott, 1969; Huang, et al. 2010) that the hotter end of a thermal gradient will tend to become 
enriched in the light isotopes of a given element.  Our measurements of δ180Hf and δ238U show 
enrichment in light isotopes at the hot end of experiment LR-BCR-1; and the scale of this enrichment 
(≈1.1‰ for Hf and ≈1.0‰ for U) is less than that observed for Fe (≈1.5-2.0‰) and much less than that 
for Mg (≈9-10‰;  Huang, et al. 2009; Huang, et al. 2010).   
 The thermal diffusion sensitivity (Ω, defined as the isotopic fractionation per AMU per degree 
temperature has units of ‰/°C/AMU) describes the magnitude of stable isotope fractionation along a 
thermal gradient (Richter, et al. 2008).  The ≈157°C temperature gradient across experiment LR-BCR-1 
implies that ΩO≈0.016‰/°C/AMU, ΩHf≈0.0018‰/°C/AMU, and ΩU≈0.00086‰/°C/AMU.  The U and Hf 
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values are ≈2-3 orders of magnitude smaller than those found for Fe and Mg, while the ΩO is much 
smaller compared to the ΩO≈0.0218‰/°C/AMU implied by the LTM-AVG-1 experiment (Lundstrom, 
unpublished data, 2010). 
 
IMPACTS 
Detecting Thermal Migration Zone Refining by δ238U Analysis 
The temperature dependence of isotope fractionation by equilibrium phase partitioning (1/T2, Criss 
1991) is such that there should be only minimal observable fractionation in igneous rocks; nonetheless 
isotope fractionation has been observed in experiments for Mg and Fe (i.e. Huang, et al. 2009; Richter, 
et al. 2008) and in initial studies of suites of igneous rocks (Li, et al. 2010).  Thermal Migration Zone 
Refining (Lundstrom, 2010) can account for this isotopic fractionation by invoking thermal diffusion 
during the creation of felsic plutons by a migrating temperature gradient fed by a small, steady supply of 
input magma.  This process should create major and trace element trends that are identical to those of a 
FC process but leave a unique isotopic signal: generally, SiO2 and light isotope enrichment should 
correlate. 
The co-enrichment of light isotopes and SiO2 has been observed in a natural magmatic 
differentiation suite for Fe isotopes, but not yet for U (Li, et al. 2010).  Laboratory thermal migration and 
diffusion experiments utilize large temperature gradients over very small distances (≈450°C over ≈6cm 
for LR-BCR-1; or ≈500°C over ≈2cm for the LTM-AVG-1 of Huang, et al. 2009) to produce isotope 
fractionation.  In nature such severe temperature gradients are unlikely, and by extension the processes 
of isotope exchange between minerals and melt are likely less efficient, and so the resulting isotope 
fractionation more subdued.  By calibrating a laboratory-observed isotope fractionation to analyses of 
that same isotope system in a natural suite of differentiated magmatic rocks by use of a scaling factor, 
we can make a first-order prediction of how large the fractionation should be in a natural system.  Li, et 
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al. (2010) performed δ56Fe analysis a set of differentiated lavas (56wt% to 75wt% SiO2) and found a shift 
of ≈0.4‰ through the suite.  If the observed Fe isotope fractionation in the LTM-AGV-1 experiment 
(Huang, et al. 2009) is equated with the result from Li et al., 2010, the scaling factor is ≈0.14.  Applying 
this scaling factor to our results gives an expected natural fractionation on the order ≈0.1‰ for both Hf 
and U, a value that is within the uncertainty of most δ238U analysis methods.  One study (Weyer, et al. 
2007) reported analyses of four granite and four basalt standard materials at 2σ uncertainty ≈0.06‰.  
This study found that there was significant scatter in the granites analyzed (n 4, 2σ 0.22‰), which were 
on average ≈0.1‰ lighter than basalts.  The basalts in this study were found not to be significantly 
fractionated compared to IRMM-REIMP-18A, and expressed very little scatter.  While the average δ238U 
value of the granites does not imply TMZR (since the higher SiO2 granites are isotopically lighter than the 
lower SiO2 basalts); the scatter in the data is almost completely caused by a single analysis (USGS G-2) 
that is ≈0.1‰ heavier than average basalt.  Since not all granites derive from basaltic starting material or 
are produced by the same processes, the scatter in the granites analyzed by Weyer, et al. (2007) 
suggests that some granite may hold evidence of formation by TMZR.   No high-precision study of δ238U 
in a set of genetically-related plutonic rocks has yet been attempted, however, and so the detection of 
isotope fractionation in the heavy elements due to thermal diffusion remains open. 
Toward a More Complete Theory of Thermal Diffusion 
The calculation of Ω for U and Hf also allows us to examine the dependence of Ω across a wide 
range of atomic mass.  By plotting our values of ΩHf and ΩU and the values of ΩFe, ΩCa, and ΩMg in the 
literature (Huang, et al. 2009; Huang, et al. 2010; Richter, et al. 2010; figure 1.11) against atomic mass 
we can fit a power law (R2=0.987) with the form: 
Ω                
where A is atomic mass and Ω is the thermal diffusion sensitivity.  Dimensional analysis shows that this 
function should have an absolute temperature and atomic mass dependence.  However experiments 
Equation 1.2 
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over a wide variety of temperatures have shown no significant systematic variation in Ω as a function of 
temperature over the region of analytical interest.  Thus we can neglect the absolute temperature 
component of this function.  Beyond the application of this empirical law to predicting Ω for isotope 
systems that have not yet been analyzed, this relationship illuminates the physical phenomena 
underlying thermal diffusion. 
More generally, the power-law fit to the empirical data for Mg, Ca, Fe, Hf, and U can be 
represented by: 
Ω          
Where φ is a (currently empirical) dimensional coefficient, Ω is thermal diffusion sensitivity, A is atomic 
mass, and the b3(1) term is the Madelung Constant (Weisstien, 2010) where b3(1)≈-1.74756 (OEIS
2 ID: 
A085469).  The Madelung Constants result from forming the lattice sum for an ionic salt crystal, and are 
dimensionless numbers that describe the minimum energy needed to liberate a single ion from the 
charged lattice (i.e. Nijboer and De Wette, 1957).  The occurrence of the Madelung Constant in the 
empirical fit is highly intriguing: a silicate melt is essentially a charged lattice even when highly 
depolymerized (i.e. Hess, 1971; Moretti, 2005), and the thermal diffusion of isotopes requires moving 
them through the polymerized structure.  
The A term in equation 3 is represented as atomic mass; however observations of ΩO from 
several experiments (LTM-AVG-1, LR-BCR-1, and the experiments reported by Richter, et al. 2010) do 
not fall along the predicted power-law relationship.  Similarly, observations of ΩH from experiment LTM-
AVG-1 and the reported ΩSi of Richter, et al. (2010) also fall off of the projected power-law.  The misfit of 
these elements to may be due to their effective atomic mass in the melt.  This follows the assertions of 
Huang, et al (2010) in that network-forming elements may fractionate differently than non-network 
forming elements.  The thermal diffusion sensitivity Ω masks these effects because it is relative to the 
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Equation 1.3 
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absolute difference in mass between the isotopes; thus the measured ΩO will be the same for 
18O2-/16O2- 
as for 18O1H-/16O1H- as for 18O1H2/
16O1H2 since the mass difference (2amu) is identical for all three.  While 
it is possible to reconstruct equation 3 using Δm/A in place of A, this confuses the physical relationship 
while only marginally improving the fit of the power-law relationship.  Replacing an element’s average 
atomic mass with its effective atomic mass based on its coordination with other elements may be a 
more appropriate approach.   
A test of the applicability of effective atomic mass is shown in figure 1.11.  Mg, Ca, Fe, Hf, and U 
were assigned the molecular mass of their oxides (MgO, CaO, FeO, HfO, and UO) as these elements are 
coordinated by oxygen; and the power law coefficient was changed accordingly (φ≈21.2).  The ΩSi 
reported by Richter, et al (2010) is in good agreement with this power law relationship if the atomic 
mass of Si is taken to be the molecular mass of SiO4 (92amu) rather than of Si (28amu).  The ΩO value 
reported by Richter, et al. (2010), the ΩO for LR-BCR-1, and the ΩO and ΩH for LTM-AVG-1 can be shifted 
back to the power-law relationship by a similar procedure (figure 1.11).  This is especially revealing 
because the LTM-AVG-1 experiment resulted in ΩO≈0.019.  This is ≈15% higher than that observed for 
LR-BCR-1 and is a difference significantly outside of analytical error.  Given that LTM-AVG-1 had 
significant water added, the difference in the effective atomic mass of oxygen due to more oxygen being 
held in OH and H2O is a likely explanation for the difference in ΩO between the two experiments.  
Indeed, the LTM-AVG-1 value for ΩO returns to the power law relationship by distributing oxygen 
between H2O (10%) and SiO2 (90%) and taking the linear average of the molecular masses (55amu) of 
these species as the effective atomic mass for oxygen.   This suggests that the A term in equation 3 is 
more properly the average molecular mass of the dominant melt species of the element in question.   
The success of fitting Ω values to equation 3 suggests that the empirically-observed Ω for a given 
experiment is an aggregate of several Ω values for individual melt species. This opens the possibility of 
observing elements that share species (i.e. O and H) simultaneously and then determining the Ω of 
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individual species by solving a system of linear equations.  Ω could also be used to predict the speciation 
of observable elements in a magma: by solving equation 3 for the average molecular mass of a given 
system of species, one could gain direct insight into what molecular species that element occurs in.   
Equation 3 is also highly suggestive of the physical cause of isotope fractionation by thermal 
diffusion.  The exponent of A in equation 3 is negative, therefore the coefficient φ must have units of 
reciprocal temperature for the equation to properly construct Ω in units of ‰/°C/AMU.  This is 
consistent with the dimensional analysis of Ω in terms of ΔM, A, T, and ΔT which suggests that: 
Ω≈  A,T  
 Where the effect of T on Ω has been shown to be negligible in the region of analytical interest (i.e. 
Huang, et al. 2009; Huang, et al. 2010).  We propose that the cause of isotope fractionation by thermal 
diffusion is based on the difference in mobility (defined as average velocity for a set of particles in a 
given force field; i.e. Peters, 1981) between the lighter and heavier isotopes of a given element for any 
given average kinetic energy (T).  Figure 1.12 shows a plot of the differences in velocity for two different 
masses at the same kinetic energy.  The relationship of these differences to either the average mass of 
the two masses, or to their relative mass separation (difference in mass divided by average mass), takes 
the form of a power law.  The exponent of this law is only slightly sensitive to mass, while the coefficient 
scales with kinetic energy (T).  The need for a temperature component in equation 3, the form of the 
power law for both difference in velocity for a given kinetic energy and Ω, and the sensitivity of the 
coefficient of the power law in figure 1.12 to kinetic energy all point toward differential kinetics as the 
cause of isotopic partitioning by thermal diffusion3.   
  
                                                          
3
 A similar simple calculation using the construction of the Einstein Relationship as presented in Peters (1981) 
solving for difference in D for two masses can be performed.  If the results of this calculation are plotted against 
average mass, a power law relationship is again recovered with the same exponent. 
Equation 1.4 
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CONCLUSION 
Long- and short-duration experiments on BCR-1 in a thermal gradient show that thermal migration 
produces significant changes in mineralogy and isotopic composition. Findings include: (1) thermal 
migration produces significant mineralogical reorganization at high temperatures, however (2) without 
high water (or other fluxing agent) content, this differentiation does not extend to temperatures lower 
than ≈1100°C.  (3) A temperature gradient simultaneously produces sequential layers of opx, garnet, and 
cpx by thermal migration and (4) partitions the light isotopes of U and Hf toward the high-temperature 
end of the gradient by thermal diffusion.  (5) Quantifying the effect of thermal diffusion on the isotopes 
of Hf and U allows us to predict the sensitivity of other isotope systems to thermal diffusion and begin to 
understand the fundamental physical interactions responsible for thermal diffusion. 
These experiments also show the need for additional work in several areas.  The predictive 
powers of equations 1.2 and 1.3 are based on elements of very high and very low mass, and 
experiments on intermediate-mass isotopes in the region of 75-150amu (such as Sr) to confirm the form 
of the power law are urgently needed.  Thermal diffusion experiments on substances with well-known 
chemical and thermodynamic properties will contribute to determining the functional relationship 
between the individual molecular Ω and the aggregate empirical Ω.  Equations 1.2 and 1.3 also predict 
what isotope systems might be usefully investigated in the search for evidence of TMZR in nature: 
analysis of isotope ratios of light elements such as Mg and Fe are the most obvious choices, but heavy 
isotopes with large mass differences and large numbers of isotopes are also likely candidates. 
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FIGURES AND TABLES 
 
 
 
Element
Quantity 
(ml)
Concentration 
(ppm)
Cr 2 1000
Cu 5 400
Hf 1 1000
Li 0.5 1000
Nd 1 unknown
Sr 2 1000
U 0.8 2485
Table 1.1: Multi-element Spike
 
 
 
Position 
(mm)*
_180Hf 
(‰)
_238U 
(‰)
0.5 -0.91 2.23
1.5 -0.22 2.57
2.5 0.07 2.89
3.5 -0.05 2.61
4.5 0.28 3.08
5.5 -0.32 2.89
6.5 0.23 2.97
Table 1.2: Isotope Ratios
*Measured from hot end of the 
charge  
 
 
 
Table 1.3: Typical Mineral Composition (LR-BCR-1) 
Mineral 
Phase 
Al Ca Cl Cr Fe K Mg Mn Na P Si Ti 
Al2O3 CaO Cl Cr2O3 FeO K2O MgO MnO Na2O P2O5 SiO2 TiO2 
Opx 4.1 1.39 0 0.08 12.84 0.01 27.25 0 0 0 54.24 0.1 
Grt 21.84 7.3 0.05 1.22 20.08 0.16 8.9 0.78 0 0 38.99 0.67 
Cpx 8.45 14.97 0.18 0.11 15.25 0.15 10.94 0.15 0 0 48.26 1.53 
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Table 1.4: Experiment Composition 
Position Al Ca Cl Cr Fe K Mg Mn Na P Si Ti 
μm Al2O3 CaO Cl Cr2O3 FeO K2O MgO MnO Na2O P2O5 SiO2 TiO2 
SR-BCR-1 
165 15.20 5.50 0.43 0.01 10.32 2.02 2.41 0.01 3.22 0.60 58.56 1.76 
495 15.26 6.05 0.47 0.03 11.39 2.00 2.63 0.09 2.92 0.62 56.93 1.64 
825 14.85 6.52 0.51 0.02 12.35 1.68 2.83 0.03 2.66 0.34 56.05 2.19 
1155 14.87 6.76 0.48 0.02 12.68 1.73 2.91 0.07 2.57 0.52 55.63 1.82 
1485 14.42 6.98 0.58 0.20 13.26 1.49 3.44 0.06 2.75 0.27 54.30 2.32 
1815 14.58 6.69 0.51 0.18 12.69 1.47 3.38 0.11 2.75 0.33 55.05 2.27 
2145 14.99 6.81 0.50 0.02 12.11 1.53 3.34 0.03 2.71 0.37 55.59 2.04 
2475 14.95 6.53 0.55 0.04 11.65 1.69 3.13 0.14 2.90 0.44 55.80 2.19 
2805 14.76 7.18 0.41 0.32 13.45 1.07 4.87 0.12 2.50 0.48 53.05 1.81 
3135 15.49 8.13 0.36 0.18 11.56 0.95 4.33 0.09 3.03 0.52 53.51 1.88 
3465 15.70 8.07 0.36 0.12 10.79 1.07 3.57 0.08 3.50 0.58 54.25 1.95 
3795 15.47 7.52 0.43 0.08 11.10 1.20 3.03 0.13 3.94 0.60 54.40 2.13 
4125 15.57 7.25 0.49 0.07 11.15 1.31 2.59 0.04 4.40 0.48 54.92 1.76 
4455 15.77 7.10 0.38 0.13 11.20 1.51 2.48 0.03 4.67 0.67 54.52 1.57 
4785 15.74 6.66 0.19 0.07 11.32 1.77 2.42 0.14 4.74 0.60 54.75 1.63 
5115 16.42 6.44 0.06 0.03 9.70 1.74 2.28 0.02 5.34 0.48 56.36 1.15 
5445 15.97 6.23 0.10 0.08 10.33 1.64 2.33 0.06 5.36 0.53 55.82 1.56 
5775 16.08 6.32 0.11 0.07 10.32 1.54 2.39 0.03 5.37 0.55 55.68 1.58 
6105 16.24 6.23 0.15 0.11 9.78 1.64 2.30 0.06 4.97 0.68 56.26 1.63 
6435 16.06 6.64 0.12 0.11 10.72 1.41 2.54 0.08 3.52 0.80 56.30 1.72 
6765 16.44 7.35 0.13 0.02 10.74 0.92 2.57 0.19 3.58 0.46 55.99 1.63 
LR-BCR-1 
165 17.59 3.60 0.63 0.01 3.37 3.40 3.16 0.00 3.99 0.00 62.86 1.41 
495 17.83 3.69 0.69 0.00 3.33 3.24 3.05 0.00 4.11 0.00 62.91 1.16 
825 18.08 4.12 0.74 0.01 3.70 3.20 2.93 0.11 3.78 0.00 61.69 1.73 
1155 18.33 4.33 0.78 0.00 4.05 3.03 3.30 0.02 4.12 0.06 60.21 1.79 
1485 18.66 4.88 0.88 0.03 4.20 3.04 3.43 0.05 4.09 0.03 59.32 1.44 
1815 18.75 5.50 1.05 0.00 4.47 2.93 4.00 0.02 3.53 0.03 57.86 1.88 
2145 12.05 4.17 0.77 0.08 8.96 1.30 14.47 0.02 1.62 0.22 54.78 1.58 
2310 12.07 3.94 0.65 0.00 8.12 1.46 15.49 0.04 1.53 0.26 55.19 1.29 
2475 5.34 1.86 0.09 0.06 12.85 0.07 25.72 0.00 0.00 0.00 53.68 0.32 
2805 14.21 5.21 0.17 0.95 18.83 0.06 14.44 0.68 0.00 0.00 42.97 2.52 
3135 13.48 12.05 0.19 0.56 16.78 0.04 9.54 0.32 0.00 0.00 44.17 3.04 
3465 10.64 14.49 0.18 0.02 15.33 0.21 9.48 0.18 0.11 0.00 47.04 2.44 
3795 13.11 13.44 0.19 0.09 17.22 0.30 7.07 0.00 0.37 0.00 46.42 1.80 
4125 15.80 11.25 0.17 0.14 15.83 0.59 3.71 0.20 2.01 0.00 48.88 1.44 
4455 18.04 8.53 0.11 0.08 11.20 0.90 2.23 0.07 4.62 0.00 52.79 1.46 
4785 19.25 6.94 0.11 0.08 9.59 1.66 1.79 0.00 5.09 0.00 54.10 1.42 
5115 19.27 6.64 0.21 0.07 9.80 1.86 1.76 0.06 4.97 0.00 53.93 1.46 
5445 18.55 6.60 0.33 0.07 10.48 1.57 1.80 0.14 5.29 0.00 53.57 1.63 
5775 17.04 6.29 0.32 0.07 10.55 1.55 2.00 0.06 5.28 0.00 55.09 1.78 
6105 16.00 6.21 0.19 0.04 10.70 2.09 2.15 0.04 5.62 0.00 55.29 1.69 
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a 
b 
Figure 1.1:  a) photograph of experiment LR-BCR-1 mounted in 2.5cm brass ring for SEM analysis; note clear 
change in color from glass (above) to lighter-colored crystalline material (below); b) plot of output power and  
Pt-Rh thermocouple reported temperature with time for experiment LR-BCR-1. 
Hot End, ≈1250°C 
Cold End, ≈800°C 
31 
Figure 1.2: Thermal structure of SR-BCR-1 and LR-BCR-1.  Shaded area is the approximate length of the charge, 
the thermal gradient is given by the appropriate distance along the curve.  The thermal gradient was computed 
using methods similar to those of Watson, et al. (2002). 
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Figure 1.5: Major element plots of LR-BCR-1 and SR-BCR-1.  Hatched areas correspond to ob-
served mineralization in experiment LR-BCR-1. 
35 
Figure 1.5 (continued) 
36 
Figure 1.5 (continued) 
37 
Figure 1.6: Harker diagrams of experiments LR-BCR-1 and SR-BCR-1.  The blue star and dotted 
lines indicate the USGS certified values for BCR-2 for the elements available.  The effect of 
thermal migration on the distribution of major elements in the charges is clear from the differ-
ence between SR-BCR-1 and LR-BCR-1. 
38 
Figure 1.6 (continued) 
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40 
Figure 1.8: δ18O through experiments SR-BCR-1 and LR-BCR-1.  The lack of fractionation in the SR-BCR-1 experi-
ment compared to LR-BCR-1 suggests that significant isotopic fractionation due to thermal diffusion had not yet 
taken place.  This is consistent with our observation of intermixed, unsegregated minerals in SR-BCR-1 (see figure 
1.4) 
41 
Figure 1.9: (a) Plot of δ238U and δ180Hf vs. position: the hatched area indicates low-confidence δ180Hf measurements due to very small quanti-
ties of Hf.  While the high-confidence δ180Hf measurements are based on a total Hf beam of ≈10V and 50 measurement cycles; the measure-
ments in the shaded region were made at <8V over fewer than 20 measurement cycles.  (b) Plot of δ238U vs. δ180Hf , the linear trend indicates 
that both isotope systems are fractionating together; suggesting that the same process (thermal diffusion) is responsible for the fractionation.  
Again, the two low-quality Hf measurements are indicated but excluded from the linear fit. 
a 
b 
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CHAPTER 2:  
VARIATIONS IN 238U/235U IN URANIUM ORE DEPOSITS: ISOTOPIC SIGNATURES OF THE U REDUCTION 
PROCESS?1 
 
ABSTRACT 
The ability to measure 238U/235U to high precision presents an important new opportunity to study the 
fate and transport of uranium in the environment. 238U/235U was determined by MC-ICPMS in six 
uranium ore samples representing two different classes of deposits. Significant offsets in 238U/235U are 
observed between uranium ores precipitated from groundwaters at low temperature versus 
hydrothermal deposits precipitated at high temperatures, reinforcing an observation made previously 
(Cowan and Adler 1976) but lacking the needed precision. Specifically, tabular sandstone type uranium 
deposits were found to be depleted in 235U, with a total offset between low temperature deposits and 
rature dependent 
fractionation related to the nuclear field shift effect during chemical reduction of uranium in ambient 
temperature groundwaters. 
INTRODUCTION 
\The ability to detect chemical reduction of uranium by monitoring isotopic fractionation would provide 
great benefits to both economic geology of U ores and U remediation efforts. The growing significance 
of U as both an energy source and groundwater contaminant makes the development of isotopic 
methods timely and important. Although the ratios of non-radiogenic heavy elements (such as U) have 
traditionally been thought of as invariant (e.g. Chen and Wasserburg 1981), improved analytical 
                                                          
1
Bopp, Charles John; Craig Campbell Lundstrom; Thomas Johnson; and Justin Glessner. “Variations in 238U/235U in 
uranium ore deposits: Isotopic signatures of the U reduction process?" Geology (Geological Society of America) 37, 
no. 7 (2009): 611-614.  Figures and text reprinted with permission of the GSA Editorial Office. 
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methods, high-precision techniques, and understanding of nuclear chemistry have paved the way for 
discovering unanticipated isotopic fractionation in the heavy elements (e.g. Bergquist and Blum 2007, 
Rehkamper and Halliday 1999, Stirling, et al. 2007, Weyer, et al. 2007) 
Measuring the 238U/235U in UF6 prior to its use in 
235U enrichment processes, Cowan and Adler 
(1976) found small differences between the 238U/235U of sandstone-type U ores and those of magmatic-
type deposits (Figure 2.1). Sandstone-type ores result from low-temperature precipitation of U due to 
chemical reduction in a groundwater system, while magmatic-type deposits are the product of high-
temperature processes, often the result of circulation and deposition by hydrothermal fluids (Hobday 
and Galloway 1999). The Cowan and Adler (1976) conclusion, however, rests on differing distributions of 
large numbers of analyses in histograms; and the analytical precision of individual sample 
measurements of 238U/235U at that time (≈3‰; Chen and Wasserburg, 1981) was inadequate to 
significantly distinguish differences in 238U/235U at the single per mil level.  The development of double 
spike MC-ICP-MS methods now allows 238U/235U measurements at the 0.05‰ level (Stirling, et al. 2007, 
Weyer, et al. 2008).  This provides the ability to detect much smaller variations in 238U/235U and, in turn, 
new information about geochemical processes. Indeed, small variations in 238U/235U have now been 
documented in a variety of low temperature terrestrial samples, suggesting that 238U/235U is not 
invariant (Stirling, et al. 2007, Weyer, et al. 2008). These results illustrate the need for study of 238U/235U 
in ore deposits and other environments.   
Here we show that significant differences in 238U/235U exist between sandstone and magmatic–
type U ore deposits. This shift not only reproduces the Cowan and Adler (1976) result but also indicates 
that 238U/235U variations could serve as indicators of U reduction in contexts ranging from ore body 
formation to environmental remediation sites. We suggest that these isotopic differences result from an 
isotopic fractionation related to the nuclear field shift (NFS) (Bigeleisen 1996). 
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BACKGROUND, SAMPLES, AND METHODS  
We simplify from the larger, more typical classification schemes for U ores (e.g. Dahlkamp, 1991) 
considering only two broad categories: the sandstone-type (particularly tabular sandstone type), and all 
others (so-called “magmatic” deposits) with the major contrast for the purposes here being differences 
in the temperature of ore formation. 
In general, magmatic type deposits involve either the deposition of U minerals from a 
hydrothermal fluid or magmas enriched in U. The former enrichment results from leaching of U from 
igneous rocks or uraniferous sedimentary or metamorphic source areas and depositing it at elevated 
(Plant, et al. 1999). In the latter case, the enrichment is original to 
the igneous body and temperatures would be much higher. We would expect isotopic fractionation to 
be minimal in either case (see discussion).  
In contrast to hydrothermal ores, sandstone-type deposits form at near ambient temperatures 
in aquifers at locations where there is a drop in oxidation potential. In such a setting, oxidizing meteoric 
waters entering the aquifer from the surface dissolve U (such as from strata rich in volcanic ash, see 
Walton, et al, 1981) and carry it through the aquifer. Deeper within the aquifer, the waters may become 
reducing for a variety of reasons including interfaces with deeper saline waters and chemical reactions 
with organic matter or other aquifer matrix components. As dissolved U enters these zones, it is reduced 
from soluble U(VI) to insoluble U(IV) and accumulates in ore deposits (up to 0.1–0.4 grade % U3O8; 
Dahlkamp, 1991) representing several types (tabular sands, roll fronts, ect) (Dahlkamp 1991, Hobday 
and Galloway 1999). These can be remobilized from one type to another (Plant et al., 1999).  
We obtained a set of U ore samples from the Smithsonian Institution (Washington, DC) from as 
many of the locations listed in Cowan and Adler (1976) as were available. These samples included two 
sandstone-type deposits and four “magmatic” type deposits. The sandstone-type deposits, Jackpile and 
Mi Vida, were identified as tabular-sandstone in the IAEA Global Distribution of U Deposits 
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(International Atomic Energy Agency 2007). Magmatic type samples were represented by Faith Mine 
(collapsed breccia pipe), Mt. Painter (hematite breccia complex), Midnight Mine (vein deposit), and 
White King mine. White King mine, listed as a sandstone-type deposit in Cowan and Adler (1976), was 
not listed in the IAEA database but further investigation revealed it to be a magmatic, vein-type deposit 
(Dahlkamp 1991, Peterson 1969). 
U was extracted by either a leaching method or by total dissolution. The leaching method 
involved adding ≈15 ml of concentrated nitric acid to a ~10 mg chip of sample. This method should 
release the overwhelming majority (x>99%) of the U from the sample.  While incomplete leaching of the 
sample could induce isotopic fractionation, the work of Stirling, et al. (2007) shows minimal effects of 
leaching on U isotope ratios.  Most samples showed no change in isotopic composition with continued 
leaching, although the Mt. Painter sample did shift with time. We attribute this to U held in multiple 
phases, some of which resisted oxidative release. Therefore, the Mt. Painter sample was totally 
dissolved using hydrofluoric and nitric acid. A Mi Vida sample was also totally dissolved as a check on the 
method. After dissolution, aliquots of sample were drawn off for U purification by ion exchange. A 236U-
233U double isotope tracer (a.k.a. double-spike, see below) was added prior to ion exchange purification 
(AG1-8X resin, 8N nitric and 1N HCl acids; similar to Edwards, et al, 1987). 
The samples were analyzed with a Nu Plasma HR MC-ICP-MS and attached desolvating 
nebulizer.  The double-spike is a solution composed of 236U and 233U of known ratio with low 235U and 
238U contents.  The added spike resulted in 233U and 236U signals of 0.2-4V; the 235U signal ranged from 
0.07-0.13 V and thus was the ultimate limit on precision.  The double-spike had a 233U/ 236U of ≈0.27 and 
had a 236U/238U ≈786.0 and 236U/235U ≈491.0. 
  The 238U/235U is reported relative to the IRMM U standard REIMP-18A using the standard delta 
notation (see Appendix A for more details about the analysis procedure). This standard has a certified 
value of 137.851 (Richter, et al. 2006). All isotopic analysis sessions included multiple measurements of 
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either the IRMM standard or an in-house check standard. Reported precision reflects the standard 
deviations of sample analyses independently processed through separation chemistry and analyzed 
during separate analysis sessions. U blanks were typically ≈10pg, or <0.002% of total uranium load. 
Reproducibility of offsets between an in house check standard and REIMP-18A was 0.14‰ (2σ) over 
numerous analysis sessions and chemical preparations. 
RESULTS 
Results are shown numerically in Table 2.1 and graphically in Figure 2.2. The tabular sandstone samples 
show distinctly greater 238U/235U relative to the other ore samples and IRMM REIMP-18A (hereafter 
IRMM U-A). The Jackpile and Mi Vida mine samples, the two tabular sandstone ores in this study, were 
found to have δ238UIRMM U-A ≈+0.4‰. In contrast, the magmatic-type samples are all substantially 
depleted in 238U, with values ranging from ≈-0.3‰ to ≈-0.7‰ δ238UIRMM U-A. The relatively greater 
238U/235U in sandstone-type ores compared to other types of deposits is consistent with the distribution 
difference observed by Cowan and Adler (1976; Figure 2.1).  Most importantly, there is a clear offset 
between magmatic and sandstone-type deposits of ≈1.0‰ (Table 2.1), likely indicating differences in 
isotopic fractionation during the ore formation process. 
DISCUSSION 
If we consider a hypothetical, simplified U mineralization scheme (similar to the epigenetic 
mineralization presented by Hobday and Galloway, 1999), oxidation state changes occur during U 
release (oxidation) from the initial source rock and again during U deposition by chemical reduction. The 
former likely involves little isotopic fractionation, whereas the latter is expected to cause significant 
fractionation. U is usually held in the reduced state (U4+) in minerals (Burns 1999) and made available for 
oxidation as a solid phase is weathered. Congruent dissolution of a solid phase does not allow significant 
isotopic fractionation because each layer exposed during weathering must be completely removed to 
expose successive layers beneath. Although preferential extraction of one isotope might occur within 
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surface layers, such a process would create an equal abundance of the excluded isotope(s) as successive 
surface sections are removed, balancing the overall isotope composition of the dissolved material to be 
equal to that of the bulk solid (Johnson, et al. 2004).  It is conceivable that incongruent dissolution (e.g., 
re-reduction and semi-permanent deposition of some previously liberated U) could produce dissolved 
U(VI) that is isotopically shifted from the primary rock, but this seems unlikely in most weathering 
environments. The transport steps between weathering and mineralization are unlikely to involve 
oxidation state or phase changes, and so we assume they do not significantly fractionate U isotopes. 
Accordingly, U delivered to reducing zones within aquifers should retain the isotopic composition of the 
initial source rock. 
While it is possible that the observed differences are the result of sampling bias reflecting small 
samples of much larger ore deposits, we consider this to be unlikely. It would be highly coincidental if 
sampling bias reproduced the relationship between sense of fractionation and type of deposit as 
observed in Cowan and Adler (1976). The fact that the Cowan and Adler data, which reflect huge 
volumes of U ore, match with our observations of gram-sized samples suggests that the offsets between 
types of deposits are real manifestations of ore deposition. 
The sense of fractionation during formation of the different types of deposits provides insight 
into the possible U isotopic fractionation mechanisms. Oxidation-reduction reactions are known to 
induce isotopic fractionation at ambient temperature in other isotopic systems (Anbar and Rouxel 2007, 
Johnson and Bullen 2004, Severmann, et al. 2006, Severmann, et al. 2008) and so might be expected for 
U as well. A typical model of stable isotope fractionation during deposition by reduction would invoke a 
conventional zero point energy (ZPE) effect.  This fractionation process is mass-dependant, linked to 
bond vibration energies, and tends to favor incorporating lighter isotopes in the more stiffly bonded 
phase. Therefore, U(VI) reduction to U(IV) would be expected to produce an isotopically light solid 
because lighter isotopes are thermodynamically favored in the product, having slightly lower bond 
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energy (in the equilibrium case) or because the lighter isotope reacts slightly faster (in the kinetic case; 
see Rademacher, et al. 2006, Stirling, et al. 2007). However, the greater 238U/235U in the low temperature 
sandstone deposits (the solid reaction product) appears to indicate the opposite. While this result is not 
consistent with a typical ZPE-based model, the observed sense of fractionation agrees with other recent 
work on U isotopic variation in low temperature deposits (notably that of Weyer et al. in 2008) that 
observe the same light isotope depletion in reduced U deposits (e.g., black shales). 
An alternative mechanism for isotopic fractionation is described in recent work (Bigeleisen 1996, 
Schauble 2006) investigating the potential for nuclear effects to produce isotopic fractionation in heavy 
elements. This “nuclear field shift” reflects a chemical difference between isotopes, caused by a 
difference in the volume or shape of the nuclei. For smaller nuclei, the nuclear charge density is greater, 
increasing the amount of time inner-orbital electrons spend in the nucleus.  As a result, isotopes with 
smaller nuclei are thermodynamically favored in phases with higher electron densities near the nucleus.  
However, in U the higher numbers of electrons in the inner shell electron suborbitals “screen” the outer 
shell electrons, reversing the effect and stabilizing the smaller, odd 235U isotope in the dissolved, 
oxidized phase (Bigeleisen 1996, Schauble 2006), resulting in less 235U being incorporated into the solid. 
Bigeleisen (1996) calculates this effect to be of the opposite sign and over twice the magnitude of the 
ZPE effect for 238U-235U fractionation at temperatures similar to what might be expected for 
groundwater systems (308K, Bigeleisen, 1996). Because the NFS is temperature dependent, an ore-
forming reduction reaction in ambient temperature sandstone will produce a greater isotopic 
fractionation than in the same reaction in the magmatic case.  Fractionation decreases sharply with 
temperature, scaling as 1/T for the nuclear field shift and 1/T2 for the zero point energy (ZPE) effect 
(Bigeleisen 1996, Criss 1991).  Therefore, as temperatures increase by 200°C, predicted U isotopic 
fractionation decreases by more than a factor of 2 for the NFS and by ≈3 for the ZPE.  
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With this conclusion in hand, we propose that an isotopic shift occurs as flowing water deposits 
a solid reduced U phase and that the underlying isotope partitioning during this process reflects the 
larger effect of the nuclear field shift relative to zero point energy effects. Such a process can explain the 
observed 235U-depleted sandstone type deposits in the present study as well as the general result of 
Cowan and Adler (1976).   
IMPLICATIONS 
U contamination in the subsurface can result from mobilization of disposed nuclear fuels and wastes, or 
U mine tailings and milling residues (e.g. Abdelouas, 2006). Remediation of U contamination in 
groundwater generally relies upon chemical reduction, but monitoring such efforts is not always 
straightforward.  For instance, determining the success of remediation through measurements of U 
concentration over time can be compromised by difficulty in constraining dilution and sorption effects. 
Isotopic methods tied to the reduction process would avoid such confounding factors, thus providing a 
direct measurement of the extent of reduction.  
The finding that a measurable isotopic fractionation occurs during ambient temperature 
reduction provides a possible new method for monitoring remediation at U contaminated sites.   The 
production of reduced U ore deposits is simply a special case of the general process of subsurface 
reduction of aqueous U: this effect could be expected to also occur in other groundwater systems where 
U is being reduced. If this is revealed to be the case, then observations of U fractionation could serve as 
an indicator of U reduction not only for ore deposits, but also for remediation efforts such as in situ 
biostimulation (Anderson, et al. 2003), or reducing walls (e.g., Morrison, et al. 2002).  Measurements of 
δ238U would provide a tool for assessing U reduction independent of complications such as sorption and 
dilution effects which inhibit accurate remediation assessments.  Unfortunately, this method could not 
be applied to areas where anthropogenic isotopically altered U is present (e.g. 238U/235U values 
significantly different from natural U) because isotopic variations due to mixing would overwhelm the 
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process signature observed here. However, the method could be very useful in areas where 
contamination involves natural U (where isotope ratios have not been anthropogenically altered), such 
as at mine tailings and milling sites – which represent many problem sites for U contamination. 
CONCLUSION 
Our analyses of several U ore samples from the larger sample set of Cowan and Adler (1976) reveal a 
small but significant difference in 238U/235U between tabular sandstone and magmatic type deposits of 
≈1.0‰. For the U ores that we analyzed, the magmatic types had δ238UIRMM U-A of ≈-0.7‰ to ≈-0.3‰, 
while our sandstone types had δ238UIRMM U-A δ+0.4‰, suggesting isotopic fractionation occurred during 
ore formation. We believe that the observed isotopic differences are induced by reduction of U(VI) to 
U(IV) during U ore formation at low temperatures and that this fractionation is dominantly a natural 
expression of the nuclear field shift. Such isotopic fractionation could form the basis of a new method 
for studying U reduction in the subsurface – either for characterizing the sandstone type ore formation 
process or for monitoring remediation efforts in U-contaminated groundwater. 
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FIGURES AND TABLES 
n δ
238
UIRMMUA 
Uncertainty 
(1σ)
Mass 
Dissolved 
(grams)
Final 
Concentration 
(ppb)
Approximate 
uranium 
content*†
Faith Mine Magmatic Collapsed Breccia Pipe 5 -0.31 0.024 0.4015 679.95 0.02%
White King Mine Magmatic Hydrothermal Deposit 5 -0.69 0.149 0.0505 790.09 0.19%
Mt. Painter Magmatic Hematite Breccia Deposit 3 -0.52 0.1 0.1745 44340.18 3.05%
Midnite Mine Magmatic Vein Deposit 5 -0.28 0.146 0.045 2333.33 0.62%
Jackpile Mine Sandstone Tabular 5 0.38 0.054 0.0292 50342.47 20.69%
Mi Vida Mine Sandstone Tabular 8 0.41 0.079 0.2158 6276.65 0.35%
CRM-112A Standard n/a 4 0.25 0.096 n/a §
Nu Instruments 
U960
Standard n/a 9 -0.87 0.19 n/a
†Value presented is in percent of mass dissolved.
§Standard prepared in varying concentrations from a mother solution in excess of 11,000 ppm
Uranium Content
TABLE 2.1: ANALYSIS RESULTS AND OTHER INFORMATION BY SAMPLE
Note : Samples obtained from the Uranium Minerals Collection at the Smithsonian Institution, Washington, D.C.
*Speculative due to variable amounts of acid added during initial leaching, value given for reference only.
Sample Category Type
Uranium Fractionation
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Figure 2.1: Histogram of 235U contents for various global uranium ores presented in Cowan and Adler 
(1976).  As noted by Cowan and Adler (1976), there is a bimodal distribution of samples with sandstone 
type ores being offset to lower (235U wt. %) relative to magmatic type ores. Given that isotopic 
fractionation inversely scales with temperature, a possible explanation is that chemical reduction at low 
temperature results in an isotopic fractionation resulting in low 235U abundance in sandstone type ores. 
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Figure 2.2: Results of 238U/235U analyses of uranium ores; zero on our delta scale reflects the value of the 
IRMM standard REIMP-18A (or IRMM U-A). Y axis on right reflects corresponding changes of the 
238U/235U relative to an assumed value of U-A of 137.851. The sandstone-type ores (Jackpile and Mi Vida) 
are isotopically heavier than all other ore types. Values plotted are averages of numerous analytical 
duplicates (n reflects number of analyses).  Error bars show 1σ standard deviations based upon the full 
duplication of each individual sample.  Long-term reproducibility of the offset of the in-house standard 
was ≈0.14‰ (2σ, not shown on figure). 
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CHAPTER 3 
MODELING AND MICROSCALE ANALYSIS OF 238U/235U RATIOS IN A URANIUM ROLL FRONT 
SYSTEM NEAR BOULDER, COLORADO, USA 
ABSTRACT 
Uranium roll fronts have been well studied because of their economic significance and unique 
geochemical behavior.  U roll fronts form where U-bearing groundwater crosses a redox 
boundary: up-gradient waters are oxic while down-gradient waters become reducing.  We 
analyzed a suite of spatially related samples from a small uranium roll front exposed in cross-
section at a road cut southwest of Denver, Colorado, for 238U/235U by the high precision, double 
isotope tracer, MC-ICP-MS method. We have found locally complex variations in 238U/235U across 
the roll front system.  U concentrations up-gradient and down-gradient of the toe of the front 
are low (≤1000μg/g), while U concentration within the front is high (≥1000μg/g).  δ238U values 
are elevated within the oxic tongue of the roll front and decrease across the mineralized zone, 
changing by ≈0.5-1.0‰.  The change in δ238U is most pronounced at the toe of the front where 
groundwater flow is most perpendicular to the mineralization front.  Further from the toe, the 
mineralized zone is larger and the changes in δ238U are smaller and less pronounced.  To 
understand these complex systems, we developed a simple numerical model combining a 
Rayleigh distillation process within the roll front with an isotopic mixing process occurring up-
flow of the front.  This model produces a pattern of higher δ238U values along the oxic side of the 
roll front and progressively lower δ238U toward the reduced side of the roll front, consistent with 
our observations.  Our model results and analysis of roll front samples show that U is 
concentrated along the oxic edge of the mineralized zone; the area that is also has the highest 
δ238U values.  This correlation shows the importance of spatial position in analyzing U ore 
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systems, and may be responsible for observations of higher δ238U in reduced U deposits as 
geologists and mining firms preferentially extract the higher U portion of the roll front. 
INTRODUCTION 
Historically, sandstone-type U deposits have been the single most productive source of U for 
military and civilian use (i.e. Dahlkamp, 2009).  An extensive literature has been produced on 
sandstone-type U deposits, with specific attention to tabular and roll-front type ore bodies 
(Adler 1964, Shawe and Granger 1965, Reynolds and Goldhaber 1978, Northrop and Goldhaber 
1990, Sanford 1992).  Tabular-type sandstone U deposits are usually loosely circular in map view 
and elliptically-shaped in cross-section, with their long-axis usually parallel to bedding.  Roll 
front-type sandstone U deposits are usually crescent shaped in map and cross-section view and 
usually form with the crescent perpendicular to bedding (Dahlkamp 1991, Hobday and Galloway 
1999). While some work has been done on uranium isotopic systematics in roll front settings 
(i.e. Osmond, et al, 1983), this work has focused on the separation of short-lived radiogenic U-
series nuclides such as 234U and 230Th.  The advent of multi-collector, inductively-coupled plasma 
mass spectrometry and double-isotope tracer methods coupled with expanding knowledge of 
stable isotope fractionation in the redox active metals has opened the field of 238U/235U 
measurement as a viable indicator of U reduction.  An expanded knowledge of U redox behavior 
would be very relevant to the continuing problems of U contamination in the environment (i.e. 
Abeldous, 2006).  Here we apply high-precision 238U/235U measurement techniques to a study of 
a small U roll front with high spatial-resolution and develop a numerical model of U isotope 
fractionation in a roll front system. 
BACKGROUND 
The environmental chemistry of U is similar to that of other redox-active metals that form oxy-
ions such as V and Mo, although it exhibits complicated sorption and complexation behavior 
61 
 
(Ginder-Vogel, Criddle and Fendorf 2006, Hyun, et al. 2009).  U has four possible oxidation 
states: U(III) and U(V) are ephemeral while U(IV) and U(VI) are common .  Both U(IV) and U(VI) 
form numerous minerals (Finch and Murakami 1999).  U(VI) is stable at higher Eh; while U(IV) is 
stable at lower Eh were it forms immobile precipitate minerals.  Both forms of U are relatively 
insensitive to Ph (Hostetler and Garrels 1962).  U concentrations are characteristically low in the 
earth’s crust, but are naturally elevated in felsic igneous bodies (average ≈4ppm in felsic rocks 
vs. ≈2.5ppm average in the earth’s upper crust).  The weathering and erosion of felsic igneous 
rock is a common source region for epigenetic U deposits (Hobday and Galloway 1999).  A more 
complete review of U geochemistry and mineralogy is available in Burns and Finch (1999). 
A U “roll front” (sometimes a “U roll”) is an epigenetic, sedimentary-type U deposit that 
forms along an oxidation/reduction boundary in a flowing aquifer (Dahlkamp 1991, Plant, et al. 
1999).  U roll fronts are especially common in the cordillera of the western United States where 
they have historically formed a significant proportion of U production (Dahlkamp 1991).  A 
typical roll front forms when oxic, U-bearing groundwaters enter an area of an aquifer that is 
highly reduced.   U(VI), present as the uranyl ion (UO2
2+) in the oxic groundwater, precipitates as 
U(IV) (characteristically as uraninite) at the interface between oxidizing and reducing 
environments.  As the oxic water continues to flow into the interface, it consumes the reducing 
potential of the local aquifer and the boundary between oxidizing and reducing conditions 
migrates down-flow.  U previously deposited at the redox interface is exposed to oxidizing 
groundwater and is remobilized, only to be reduced again at the redox boundary down-flow.  In 
this way the redox front “rolls” down-flow carrying U and its daughter elements with it (Hobday 
and Galloway 1999, Osmond et al, 1983).  The differential rate of groundwater flow between 
the center and the extremes of the flow path give the roll front its characteristic “C” shape 
(figure 3.1), with the oxidizing area on the concave side of the roll (inside the “C”), the reducing 
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area on the convex side of the roll (outside, or to the left, of the “C”), and the curve of the “C” 
pointing in the direction of groundwater flow. 
U rolls fronts express a characteristic set of mineral zones arranged in a typical pattern 
around the redox boundary.  Iron minerals are the primary index minerals studied by most 
investigators, with many U roll fronts occurring where sandstone changes from red to buff or 
grey in color (Shawe and Granger 1965); the color change being attributed to alteration of pyrite 
to hematite by oxic groundwater.  Some roll systems (such as the one studied here) show pyrite 
throughout the roll system, with increasing modal percentage down-gradient.  The Eh-pH 
stability range of pyrite is very similar to that of uraninite, such that once waters infiltrating a 
reducing environment become insufficiently oxidizing to dissolve pyrite, they will shortly be 
unable to keep U oxidized (Shawe and Granger 1965).  A simple characteristic mineral and 
element assemblage in a U roll system includes hematite transitioning to pyrite on the up-
gradient side of the roll; pyrite, uraninite, native Se, as well as Mo, V, and As minerals at or just 
after the redox boundary (as indicated by a sharp boundary between the host sandstone and 
the very dark, “C-shaped” area of mineralization); and pyrite, organic material, and increasing 
calcite down-gradient from the roll front (Dahlkamp 1991, Shawe and Granger 1965, Hobday 
and Galloway 1999). 
While 238U/235U was long thought to be invariant (Chen and Wasserburg 1981), recent 
work using higher precision analytical methods (Stirling, et al. 2007, Weyer, et al. 2007; Bopp, et 
al. 2009; Brennecka, et al. 2010) has shown that this is not the case.  The first work to detect the 
variation of 238U/235U in U ores was a study by Cowan and Adler (1973), who showed a bimodal 
distribution in wt. % 235U controlled by the geologic setting of ore genesis.  Specifically, 
sandstone-type U ores had less 235U while magmatic-type ores had more 235U.  Later work by 
Bopp, et al. (2009) and Brennecka, et al. (2010) has confirmed this variation in smaller samples 
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by high precision 238U/235U analysis.  Both of these studies attributed changes in 238U/235U to 
fractionation induced during U reduction caused by the “nuclear field shift,” an unconventional, 
mass-independent isotope effect that depends on nuclear volume and shape (Bigeleisen 1996, 
Schauble 2007, Fujii, et al. 2009).  This effect is less dependent on temperature than 
conventional, mass-dependant isotope effects (1/T vs. 1/T2; Schauble 2007) and favors the 
heavier isotope in the more stiffly bound phase.  This effect is opposite to the conventional, 
mass-dependant effect, and while both effects likely operate simultaneously, the fractionation 
due to the nuclear field shift is expected to be four times larger at a given temperature 
(Bigeleisen 1996).   
Osmond, et al. (1983) studied the cyclical “roll” behavior of U roll fronts from an isotopic 
standpoint and noted some important relationships between the daughter elements in the  238U 
decay series.  As the roll progresses the major daughter isotopes 234U, 230Th, and the parent 238U 
separate from one another as a function of differing solubility and sensitivity to redox changes.   
Osmond, et al. (1983) used the “peaks” in the concentration of these elements to define several 
regions of a roll front and develop a conceptual model of roll front cycling in terms of these 
isotopes.  An analyst could use U-series nuclide analyses to determine the relative position of a 
given sample set relative to the roll front, or could use a series of spatially-distributed samples 
through the roll front to characterize the “speed” of a given roll front (Osmond, et al. 1983).  By 
contrast this study focuses on changes in 238U/235U through the roll system; an area that has not 
yet been characterized. 
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EXPERIMENTAL DESIGN AND METHODS 
Sampling 
Sampling Locality 
We sampled a small U roll front exposed in cross-section at a road cut along US 285 where the 
highway climbs through the foothills SW of Denver, CO in July, 2009, in an area called Turkey 
Creek Gap (Abbott and Noe 2002).  This roll front was approximately 2’x4’ in size and showed 
visible mineralization along the oxidation-reduction boundary (Figure 3.2a).  The front occurs in 
the Dakota Sandstone Group near a left-lateral fault with <1m of displacement (Abbott and Noe 
2002).   Examination of control samples (Figure 3.3) under reflected light at high magnification 
show the unit to be a subfeldsarenite composed of predominantly subangular to subrounded 
medium sand with dark accessory minerals.  The down-dip control sample shows apparent 
weathering (i.e. bleaching) to a depth from the surface contact of only ≈1mm; while control 
sample RA14 shows apparent weathering to ≈3mm in depth.  The area is rich in hydrocarbons, 
and the U roll front occurs where infiltrating presumably oxic meteoric water becomes 
insufficiently oxidizing to hold U in solution (Abbott and Noe 2002).  Observations of accessory 
pyrite support this scenario: control samples taken down-dip of the roll front show significant 
(≈7%) pyrite, while a control sample taken inside the concave portion of the roll (RA15) shows 
very minor pyrite (≤1%), and an up-dip control sample shows no pyrite.  The interpretation of 
oxic water infiltrating into a reduced aquifer to create the roll is consistent with this observation 
and prior work on U roll systems (Shawe and Granger 1965). 
Sampling Methods 
We sampled the U roll along four distinct transects: two along line RA (1-10 and 16-25), one 
along RB (1-14), and one along RC (0-2) (figure 3.2c).  Each transect was numbered every inch 
from bottom to top (see figure 3.2-3.3), and each sample was labeled based on transect and 
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position (i.e. sample RA-3 was taken 3 inches from the bottom of transect RA).  When I refer to 
the “high” or “low” side of a transect, I am referring to higher or lower position numbers along 
that transect.   Samples were collected either by diamond-core drill bit or by hammer and pick.  
Every sample was recorded in field notes and each transect was photographed for later 
reference.  Samples were taken directly from the rock face, placed in sealed plastic storage bags 
and labeled, and shipped from the field by postal box.  The samples remained in the storage 
bags at room temperature until prepared for analysis.   
Sample Preparation 
Double Isotope Tracer 
We use a double-isotope tracer method to achieve high-precision measurements of 238U/235U.  
The double-isotope tracer is a high-purity mixture of 233U and 236U with a well-known 233U/236U.  
Monitoring the 233U/236U of the tracer allows for correction of instrumental effects and mass 
bias.  For this study, two double-isotope tracers were used: transect RC was analyzed using the 
tracer of Bopp, et al. (2010), which has the U ratios: 233U/236U≈.146001, 235U/236U≈0.00202, and 
236U/238U≈691.  Transects RA and RB were analyzed using a double-isotope tracer with the U 
ratios: 233U/236U≈0.46275, 235U/236U≈0.002404, and 236U/238U≈550.  The tracers were calibrated 
by standard dilution methods using IRMM U standard REIMP-18A and NIST CRM-112-A 
(formerly NBS U960).  Both tracers were calibrated by the same analyst using similar methods to 
ensure comparability between results. 
U Liberation  
For this study we used a leaching method to liberate U from the samples.  Small chips of each 
sample (or a portion of the sample powder) were placed into 15ml polyprep centrifuge tubes 
(Fisher Scientific) with 5ml of double quartz distilled 15.5N HNO3.  Prior to use each centrifuge 
tube was cleaned with 4N HCl for several days at room temperature and at least 12 hours under 
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a heat lamp before being rinsed in 18.2MΩ water.  Each sample was allowed to leach for ≥72 
hours, including 12 hours under a heat lamp, and agitated for ≈8 hours on a shaker table set to 
≈125 RPM.  Justification of effectiveness of nitric acid leaching comes from results of Bopp, et al. 
(2009) that compared leaching to whole rock dissolution and found no difference in isotope 
ratio (a second study by Stirling, et al. (2007) reached similar results).  Upon leaching many 
samples released immiscible fluids likely to be hydrocarbons; every sample released noxious gas 
upon opening of the centrifuge tube due to oxidation of organic molecules by HNO3.  Aliquots 
for analysis were withdrawn from either the sample leachate directly or from a 1:100 dilution of 
that leachate prepared in a separate centrifuge tube (prepared as above) and placed in teflon 
beakers.  The double-isotope tracer was added (tracer-sample ratio of ≈3-4) to each aliquot and 
the prepared aliquots were evaporated to dryness.  
Separation and Purification   
 We used microcolumns loaded with 0.5ml of AG1-8X resin to separate U from both organic 
material and matrix elements.  Each sample was loaded onto the column in 0.5ml of 8N HNO3, 
and then washed with an additional 1ml of 8N HNO3 in two 0.5ml steps.  4ml of 8N HCl was then 
added to each column in 4 1ml steps to separate thorium and organic materials from U.  U was 
eluted from the column in 0.25ml of 18.2MΩ water and 8ml of 1N HBr.  The microcolumns and 
resin were discarded after use to avoid potential contamination of future samples.  This 
procedure was derived from that of Bopp, et al. (2009) and is similar to methods previously 
published in the literature (Edwards, et al. 1987). 
This modified procedure (compare: Rademacher, et al. 2006; Bopp, et al. 2009) was 
necessary because the samples were high in organic matter, especially long-chain hydrocarbons.  
Such organic molecules are highly resistant to destruction by wet chemical methods and could 
severely contaminate any chromatographic resin they were loaded on to.  Therefore, we 
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adopted the microcolumn and two-acid approach to separate U from both matrix elements and 
organic molecules.  We loaded the samples directly into the microcolumns, using the resin bed 
itself as a sieve to catch large organic molecules on its surface.  We then used a small amount of 
8N HNO3 to separate iron from U, and a large amount of 8N HCl to separate thorium from U and 
to wash any organic molecules small enough to enter the resin bed completely out of the 
sample. 
Isotopic Analysis 
U concentration and isotope ratios were determined on a Nu Plasma HR (Nu Instruments) Multi-
Collector, Inductively-Coupled Plasma Mass Spectrometer (MC-ICP-MS) with attached DSN-100 
(Nu Instruments) at the University of Illinois at Urbana-Champaign (UIUC) Isotope Geochemistry 
Laboratory.  Samples were analyzed in two sessions: transect RC was analyzed first for U 
concentration and then again for U ratio data; transects RA and RB were analyzed for U ratio 
and concentration using the RC results to estimate quantities to prepare.  Sample concentration 
was calculated from the quantity of 236U in the double isotope tracer, the measured 236U/238U in 
the sample, and any dilution performed during sample preparation.  Procedural yield was 
calculated from intensity of 236U signal as compared with a certified U concentration standard.  
Two standards were analyzed repeatedly during each session: IRMM REIMP-18A (hereafter 
IRMM U-A) and NIST CRM112-A (formerly NBS U960).  Isotope ratios are reported relative to 
IRMM REIMP-18A and are presented in the standard δ-notation (eq. 3.1).   
 δ U238
IRMM REIMP-18A
 
 U238 U235 
 ample
- U238 U235 
IRMM REIMP-18A
 
U238 U235 
IRMM REIMP-18A
 1000 
U isotope ratio measurements were made only after the reported offset between IRMM U-A 
and CRM-112A of 0.21‰ (Weyer, et al. 2007) is verified; for these analyses we find an offset of 
0.19‰, indistinguishable from the reported value.  IRMM U-A was analyzed after every third 
Equation 3.1 
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sample, and both IRMM U-A and CRM112-A were analyzed after every sixth sample.  δ238U 
values were calculated by standard-sample bracket using the linear average of the analyses of 
REIMP-18A before and after the sample to correct for instrumental instability.  Characteristic 
uncertainty of δ238U measurements at the UIUC lab is ≈0.13‰, analysis of replicate samples falls 
within this uncertainty.  U blank is characteristically less than 0.002% of the normal U sample 
load and column yield was ≥74%. 
The samples for this study followed two distinct analysis protocols.  Most samples were 
analyzed using a low-concentration protocol that allows a maximum 238U signal of ≈20V on a 
faraday cup; thus limiting the total 235U signal to ≤150mV.  In this protocol, 235U signal intensity 
and signal-to-noise ratio are limiting factors to improving precision.  Samples RB 4, 6, and 7 were 
analyzed by a high-concentration protocol allowing a maximum 238U signal of 100V on a faraday 
cup.  This protocol increases 235U signals to >200mV, greatly improving signal-to-noise ratios and 
235U intensities.  Both procedures collect 233U and 236U on faraday cups at ≥2.4V and ≥1V, 
respectively.  Standard analysis performed during each protocol shows that data collected using 
both protocols are comparable. 
RESULTS 
238U/235U and U concentration data are shown in figures 3.4-3.7 and given in Table 1.  All three 
transects across the roll show changes in U content and 238U/235U with position that correlate 
with inferred areas U mineralization (determined in the field by dark coloration).  The RC results 
(Figure 3.4, Table 3.1) present the clearest picture.  U concentration increases sharply in the 
mineralized zone relative to both before and after the roll.  The change occurs within the space 
of 1 inch, indicating an extremely sharp reduction front. In contrast, δ238U remains uniformly 
high within the roll core and mineralized zone but decreases abruptly by over 1.0‰ when 
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crossing out of the mineralized zone into the reduced aquifer beyond the roll.  δ238U within the 
oxidized tongue is very similar to that within the front. 
Transect RB shows a similar general pattern but with significantly more noise (Figure 
3.5, Table 3.1).   δ238U is high on the up-gradient side of the mineralized zone and decreases by 
≈1.0‰ through the mineralized zone.  U content also follows a similar pattern to transect RC: U 
content is low inside the oxidized tongue of the roll, high in the mineralized zones, and drops off 
sharply in the reduced areas down-gradient of the roll.  Interestingly, the δ238U farther from the 
mineralized zone is similar to that inside of the mineralized zone and is accompanied by higher U 
content.  We attribute these higher values to small areas of reduced U parallel to the roll system 
on the basis of dark patches of minerals similar to the roll that these samples were taken from 
(see figure3. 2). 
Transect RA shows the most complicated pattern (Figure 3.6, Table 3.1).  The trend in U 
content is consistent with the behavior seen in RC and RB with low U content in the oxidized 
tongue and high U content in the mineralized zones.  Through the entire transect δ238U is 
consistently higher on the up-gradient, oxidized side of the mineralized zones and lower on the 
down-gradient, reduced side of the mineralized zones.  The magnitude of change in δ238U is 
lower than in the other two transects, however.  The high side of RA shows a shift of only 
≈0.25‰ from one side of the mineralized zone to the other, while the low side shows a larger 
≈0.5‰ shift across the mineralized zone.   
The δ238U values for all three transects are shown in figure 3.7, plotted against U 
content and reciprocal U content.  Two samples, RA-10 and RB-12, did not contain sufficient U 
for isotope analysis; only U concentration data are presented for these samples.  To better 
understand the processes responsible for producing the patterns in δ238U and U content we 
have developed a numerical model of a roll front system. 
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NUMERICAL MODELING 
A U roll front is a system based on redox cycling.  U that is deposited as it passes the 
redox boundary will be eventually reoxidized as the roll migrates downgradient as inflowing 
dissolved oxygen and other oxidized species consume the reductive capacity of the aquifer.  
When the roll front first begins to form, the 238U/235U of the precipitated U(IV) will be 
determined by the 238U/235U of the inflowing U, adjusted by the fractionation factor of the U 
precipitating process, and any U that is uncaptured by the roll front and flows out of the system. 
However, once the U roll has begun to migrate (by oxidizing the previously precipitated U), the 
238U/235U of the U deposited will be controlled by a combination of recycled U, inflowing U(VI), 
and any uncaptured U flowing out of the system or that has previously flowed out of the system.  
I have constructed a numerical model of the isotopic behavior of a U-cycling roll front to gain 
first order insight into the behavior of 238U/235U as a function of time and spatial position.  The 
model code is given in Appendix B. 
The model computes the 238U/235U ratio of U ore deposited by a migrating U roll front of 
finite length through time; a schematic representation of the model behavior is given as figure 
3.8 and the equations that govern the model and its specific behavior are described in the 
subsequent sections.  The roll front is broken up into nodes, each of which represents a unit of 
space within the front.  In the first timestep, the model computes the 238U/235U of the U(IV) 
deposited in each of the nodes of the roll based on the Rayleigh distillation equation (see 
below), the inflowing 238U/235U, and background U in the aquifer matrix rock downgradient of 
the front (if any is present).  In every subsequent timestep, the node farthest upgradient in the 
roll front becomes oxidizing.  Its U(IV) is converted to dissolved U(VI), which then migrates 
downgradient.  Nodes downgradient of the newly oxidized one remain reducing.  At each 
timestep the model computes: (1) the 238U/235U of the groundwater entering the roll system, 
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based on the 238U/235U and concentration of the inflowing U(VI) plus the total dissolution of 
U(IV) in the node that is newly oxic; see eq. 3.3); and then (2) computes the 238U/235U of the ore 
deposited at each node in the roll front based on the new 238U/235U and concentration of U(VI) 
entering the front, calculated in (1), and a Rayleigh distillation model (equation 3.4). 
Model Governing Equations 
 A bulk roll front system is governed by the equation (Hobday and Galloway 1999): 
             
Where Utot is total U in the ore system, Q is volume of water passing the system per unit time, C 
is the concentration of U in that water per unit volume, and T is the period of time the ore 
system is active.  E is the entrapment (or “entrapment efficiency”) term, defined as the 
percentage of U passing the system that is captured in the ore body.  The isotopic composition 
of the roll system can be described in terms of a mixing equation (eq. 3.3) and a Rayleigh 
distillation process (eq. 3.4).  The mixing equation: 
           
 
   
   
describes the isotope ratio of dissolved U(VI) or solid U(IV) in a given node in terms of the 
isotope ratio of each component being mixed (Rj) and a weighting factor (Xj).  The weighting 
factor is defined as the mole fraction contributed by each mixing component with reference to 
the isotope in the denominator of the isotope ratio.  However, as long as the total fractionation 
between the isotopes in question is small, negligible error is introduced by the use of total mole 
fraction of the element of interest to the system.   
The Rayleigh distillation equation describes the evolution of a system that is 
progressively reacting wherein the reaction product is isotopically fractionated relative to the 
reactant reservoir: 
Equation 3.2 
 
Equation 3.3 
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 where f is the fraction of reactant remaining, a “progress variable” that describes the progress 
of the reaction on a continuum from 1 (no reaction) to 0 (reactant reservoir completely 
consumed); α is the isotopic fractionation factor; Ri is the initial isotope ratio of the system 
(prior to any reaction); and R is the ratio of interest at the given value of f.  It both equations 3.3 
and 3.4, the ratios R and Ri are molar ratios.  Rayleigh distillation requires that the reaction 
products do not react with the remaining pool of reactant, we therefore assume there is no back 
reaction between U(IV) and U(VI).   
Model Parameters 
The numerical model described here requires several input parameters (Table 3.2).  The amount 
of U entering the roll system and its 238U/235U, the isotope fractionation factor (α) for U 
reduction, the length of the roll system (in nodes), the percentage of aqueous U precipitated in 
each node, and the number of timesteps the system should evolve through must all be 
specified.  The U input may be given as either a concentration, in which case the amount of 
water passing the system per timestep must also be specified, or as an absolute quantity.  The 
concentration and 238U/235U of the background U(IV) in the host rock must also be specified (if 
any is present). 
For the base cases presented here, the input U has an isotopic composition identical to 
that of IRMM REIMP-18A (see Table 3.2 for exact values).  The model results presented here are 
for a roll system with 201 nodes that persists for 1500 timesteps using the fractionation factor 
of α 1.00046 derived from U(VI) reduction in a bioremediation field experiment (Bopp et al., 
2010).  Alternative models were constructed with fewer nodes (100 or 150), varying durations 
(2000, 1000, or 500 time steps), and varying fractionation factors (α 1.0006 and 1.0009) as a 
test of the robustness of the results.    
Equation 3.4 
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Mass Balance    
Mass and isotope balance is independently computed at every timestep and for the entire 
model at the end of the last timestep.  The sums of all U entering the model at each timestep is 
compared with the sum of all U deposited at that timestep and all U left undeposited at that 
timestep.  The mass balance for the entire model is found by summing all solid U in the system 
and all undeposited U that has left the roll through time and comparing this with the total U that 
has entered the model through every timestep.  Both of these tests indicate no significant mass 
imbalance.  Isotope balance is computed the same way: the total amount of each isotope that 
enters the model in a given timestep is compared with the sum total of that isotope deposited 
and left undeposited at that timestep.  The total isotope balance of the model is found by 
comparing the total amount of each isotope contained in the solid U ore at the end of the 
model, the total amount of each isotope that has escaped the model through time, and the total 
amount of each isotope that has entered the model through time.  For the base case, the 
isotope imbalance at the end of the model is <0.01‰ and the isotope imbalance at each 
timestep is negligible.  The small mass and isotope imbalances are attributed to discretization of 
the Rayleigh equation and minor loss of significance in each timestep. 
Model Results 
The model shows δ238U(s) decreasing over distance through the roll system at a nearly constant 
rate.   This near-linear relationship is maintained over time, but δ238U(s) progressively shifts 
toward greater values: more mature fronts have a larger shift in δ238U(s) in the first few nodes of 
the deposit (figures 3.9).  The decrease of δ238U(s) with distance through the nodes is linear even 
though it is governed by the non-linear Rayleigh equation.  This is because reaction progress f, 
which is defined by the proportion of U precipitated in each node, is a similar non-linear 
function.  Figure 3.10 shows a model case plotted against roll node, δ238U(s), and f; the 
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characteristic Rayleigh curve can be clearly seen when the model results are plotted as a 
function of f.  Simply put, the relative difference in δ238U(s) between the first and last nodes of 
the U deposited in any given timestep is constant, but the absolute difference between the U 
deposited in the first node and the δ238U(s) of the initial input U changes with time. 
The model also suggests that roll systems should become more fractionated (compared 
to the input U) as they mature but only to a limit.  δ238U(s) in the first roll front node increases 
with each timestep; however it does so at a decreasing rate (i.e. figure 3.9b, 3.11).  The increase 
in δ238U(s) displays two distinct phases: a logarithmic growth phase characterized by rapid change 
in δ238U(s) for the first ≈200 time steps, followed by a period of quasilinear growth characterized 
by a slow and steadily-decreasing rate of change in δ238U.  These phases are apparent on 
examination of the model results, but can be detected analytically by a discontinuity in the first 
derivative of δ238U(s)/time or by an obvious perturbation in the second derivative of δ
238U(s)/time.  
The timing of the change from logarithmic to quasilinear growth is governed directly by the 
length of the roll: logarithmic growth occurs until the system has completely “rolled over” once 
(i.e. all the U deposited during the first timestep has been recycled), at which point the system 
begins growing quasilinearly. 
Three quantities play an important role in controlling the evolution of the roll system: 
the amount of recycled U, the amount of new input U, and the amount of undeposited U exiting 
the system.  The amount of new input U and the amount of U exiting the roll system in each 
timestep control the average isotopic fractionation of the entire deposit, the fractionation of the 
U deposited in any given timestep (figure 3.9a), and the rate at which the deposit becomes 
fractionated with time (i.e. the slope of the quasilinear phase of roll development; figure 3.9b).   
The shift in the rate of change in δ238U(s) of the first-deposited U with time is controlled by the 
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amount of U being recycled: as the proportion of reoxidized U increases in each timestep, the 
system transitions from logarithmic to quasilinear development (figure 3.9b, 3.11). 
The patterns of 238U/235U variation have important implications for observations of 
natural systems.  The spatial variation in δ238U(s) is broadly consistent with our observations at 
the Turkey Creek Gap roll front (discussed below), and is also likely to be responsible for the 
general depletion of 235U in reduced sandstone deposits observed by Cowan and Adler (1976) 
and others (Bopp, et al. (2009); Brennecka, et al. (2010)).  This is because the majority of the 
total mass of precipitate U is contained in the first 25% of the spatial extent of the front (i.e. 
≈80% of the total mass of solid U in the system is deposited in nodes 1-50; figures 3.9 and 3.12).  
The temporal change of δ238U(s) in the model roll front through time is suggestive of how U rolls 
evolve, and shows a correspondence with the large-scale development of U roll fronts.  Both of 
these observations have important implications developed below (see the Impacts section). 
 
DISCUSSION 
Numerical Modeling 
Model Limitations 
The model developed here considers only the behavior of U in the roll front system.  Aquifer 
conditions are considered to be either constant or varying within specific parameters only.  The 
model does not consider the specific process that produces the U precipitate; it sees only the 
efficiency of that process at every node and the fractionation factor α of that process.  Similarly, 
the model assumes that the redissolution of U occurs rapidly (i.e. within a single timestep), an 
assumption that has some support in the literature (i.e. Posey-Dowty, et al. 1978).  Complete 
dissolution of the U precipitates also precludes any isotopic fractionation due to reoxidation 
since all U is released into solution.  Further, the Rayleigh equation itself is strictly true only 
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when applied to a closed system.  Groundwater systems are not perfectly closed, since 
longitudinal dispersion causes groundwater in one volume of the aquifer to mix with adjacent 
groundwater.  This is a second-order effect however (i.e. Abe and Hunkeler, 2006), and so does 
not invalidate the model.  These simplifications allow for ease of modeling and evaluating 
general trends and behavior, but make the model ill-suited for simulating a specific scenario.  
The program code developed here produces results that generally agree with our observations 
of a small roll system, and so would be appropriate for inclusion in a reactive-transport model 
for more complete representation of a roll system.   
Sampling Biases 
The δ238U of a given U ore sample will reflect the current state of the roll system only indirectly.  
Any given location within the roll system will contain all the U minerals deposited by the roll up 
to the time when it is sampled.  Thus, the measured δ238U for a given ore sample will be a mixed 
ratio of the U minerals deposited most recently and the U minerals deposited at that point 
earlier in time when the roll was up-gradient.  This situation is analogous to Walther’s Law in 
sedimentology: if individual crystals or collections of U minerals grow sequentially, then the 
crystals may be heterogeneous, with δ238U increasing from interior to exterior, reflect the 
evolution of deposited U during migration of the roll front.    
Impact of U Input 
The response of the roll system to changes in input U shows the importance of reoxidized U 
minerals in controlling the 238U/235U of the U ore.  Any lessening of input U from outside the roll 
system results in a more extreme fractionation of 238U from 235U through time, while any 
increase in U input moderates this fractionation (Figure 3.11).  Stopping U input completely 
results in a much greater rate of U fractionation as the roll front cycles a progressively more 
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fractionated pool of U (Figure 3.11).  If U input resumes, the system quickly returns to a more 
moderate fractionation path (Figure 3.11).   
The explanation for this behavior lies in the progressive reoxidation and reduction of 
previously-precipitated U minerals.  As the roll system moves down-gradient, it will reoxidize U 
minerals that it previously deposited.  The 238U/235U of these U minerals will have been set by 
the roll system (i.e., fractionation due to precipitation) before its migration down-gradient.  As a 
result, the roll will repeatedly fractionate the same U as it migrates down-gradient.  This “serial 
fractionation” of the same reservoir of recycled or mostly-recycled U is responsible for the 
increasing fractionation of the U ores with time.  If the roll system completely captures 
(precipitates) all the input U, then this effect will not appear (i.e. the quasilinear portion of the 
curve in figure 3.9b will have a slope of zero) because the front will eventually recycle all the U 
that has entered it.  However, if there is even a very small loss of undeposited U at every 
timestep, then serial fractionation will tend to amplify the 238U/235U fractionation due to 
reduction and the average of the entire roll front system will be isotopically heavier than the 
input U.  This is because the 238U/235U of the U entering the system is set by the proportions and 
238U/235U of both the unfractionated input U and the reoxidized U minerals (according to eq. 3): 
if there is quantitative loss of dissolved U out of the back of the roll front, that U will be very 
isotopically light (enriched in 235U) and thus the recycled U precipitates will be correspondingly 
isotopically heavy (depleted in 235U). 
The addition of background U to the roll system (i.e. U that is held in the aquifer matrix 
as reduced U minerals) is a special case of changing U input.  The effect of background U will 
vary based on its quantity and its 238U/235U.  In the likely case of low concentrations of 
background U having similar 238U/235U to the input U, two observations can be made.  First, that 
the addition of background U does not alter the temporal evolution of the roll system provided 
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that the background U is uniformly distributed and relatively homogenous1.  However, 
observations of 238U/235U made on ore samples from across the roll front will show a U-shaped 
pattern in δ238U where a roll front in a U-free aquifer will show a linear pattern in δ238U (figure 
3.11d).  Thus, the impact of background U is most pronounced in its impact on any effort to 
sample and analyze a roll front: a roll system with significant background U in the rock 
downgradient from the front has more moderate δ238U values on its down-gradient side than 
the zero background models discussed above (figure 3.11d) and at sufficient distance 
downgradient, the delta values return to the background value. 
Impact of Serial Fractionation 
One would expect, and indeed Brennecka, et al. (2010) have postulated, that in the absence of 
significant quantitative loss of U from the system, no significant fractionation can occur in the 
bulk deposit relative to the starting input U.  The key question is from what part of an ore 
deposit a given sample is taken, or what section of the deposit an aggregate sample represents, 
in the context of systematic spatial variation in U content and 238U/235U.   Two effects are at 
work: the spatial change in δ238U in the U ores and the possible temporal change of the average 
δ238U of the entire U deposit.  The first effect is likely to be dominant as the change in δ238U with 
position in the deposit is very pronounced.  The richest U ores will be found along the 
upgradient edge of the roll front; thus U ore will tend to be extracted from that area.  Since that 
portion of the front is also the most depleted in 235U, analyses of most U ore samples will show 
that reduced U deposits are depleted in 235U (i.e. Cowan and Adler, 1976; Bopp, et al. 2009; 
Brennecka, et al. 2010).  Secondly, if even a small quantity of dissolved U can pass through a 
given roll system, then the entire ore body will grow isotopically heavier with time.  This effect 
                                                          
1
 i.e. that adding a constant to an equation does not change the derivatives of that equation 
79 
 
will be of much smaller magnitude than the spatial effect, however, and may be completely 
masked in aggregated U samples (discussed below). 
This decrease in the total 235U content of the entire roll front is driven by the loss of a 
small quantity of isotopically light (235U enriched) from the roll front.  Indeed, even an extremely 
small quantity of U lost per unit time could result in a significant quantitative loss of U from the 
roll system if the system lifetime is sufficiently long.  In essence, if the capture of U by the roll 
front is anything less that completely quantitative, then the average δ238U of the entire ore body 
will slowly rise with time.  The spatial variation in δ238U of the U ores makes detecting this small 
rise challenging, however, and so more work on the isotopic composition of the water in a roll 
front is needed to test these hypotheses. 
The serial fractionation of U in a roll front may also be used as an estimator of roll front 
maturity.  As the roll approaches a given (spatial) position within the aquifer, it deposits 
increasing quantities of increasingly heavy U ore.  Once the front passes that point, it becomes 
oxidizing and U ores at that location are dissolved.  Further, as the ore body matures the highest 
U content portion of the system (the areas along the oxidizing tongue of the roll front; i.e. along 
the inside edge of the “C”) becomes increasingly isotopically fractionated and increasingly 
higher U concentration, but at different rates.  Thus, δ238U/U Content is a first-order indicator of 
the number of times a roll has “rolled over.” 
Comparing Numerical Results with Turkey Creek Roll Front 
The results of our numerical model of a roll front system are consistent with the observed 
changes in δ238U in the Turkey Creek roll front and with inferences from previous work (Bopp, et 
al. 2009, Cowan and Adler 1976, Brennecka, et al. 2010). Cowan and Adler’s (1976) study 
reflected analyses of large quantities of U ore homogenized through processing.  Bopp, et al. 
(2009) studied mg-sized chips of ore from only a few mines, while Brenneka, et al. (2010) 
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studied U concentrates from many mines.  All three studies indicate the same systematic 
isotopic offset: U ores from sandstone-type deposits are characteristically depleted in 235U, 
showing δ238U offsets on the order of ≥0.40‰ heavier than magmatic deposits.  In the roll front 
studied here, all three transects show a shift to higher δ238U from oxic to mineralized zones, 
followed by decreasing δ238U across the mineralized zone. 
Transect RC 
The spike in estimated U content at RC-1 (figure 3.4) is consistent with expected deposition of a 
sharp front in a roll system, while the change to higher δ238U in the mineralized zone and on the 
concave (up-gradient) side of the roll are consistent with an advancing front leaving a “shadow” 
of heavier U behind it as it moves down-gradient.  Given the presence of pyrite in the up-
gradient oxic tongue, this “shadow” is likely remnant U(IV) minerals that have not yet been 
completely dissolved by the infiltrating, presumably weakly-oxidizing waters.  RC shows a 
pronounced decrease in δ238U crossing the mineralized zone from the oxidizing to the chemically 
reduced region, consistent with our model results (i.e. figure 3.11d).     
Transects RA and RB 
The specific changes in δ238U along RA and RB within the roll front also generally conform to the 
model prediction.  δ238U in transect RB is sharply elevated along the oxic, up-gradient side of the 
mineralized zone and then drops off nearly-linearly toward the reduced side of the mineralized 
zone.  The low side of transect RB shows two data points (4 and 6) that have slightly elevated U 
content coupled to slightly lower δ238U values.  These observations are consistent with a 
combination of U reduction and background U.  Transect RA shows a more complicated pattern: 
δ238U decreases across the mineralized zone from elevated levels along the oxic edge.  One side 
of RA, however, shows smaller changes in δ238U and these values begin to rise within the 
mineralized zone (i.e. figure 3.6; RA 18-20).   
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Transects RA is at an oblique angle to the inferred direction of groundwater flow, and 
thus of roll front migration.  This complicates the interpretation of our observations, because 
waters flowing directly through the system are not locally perpendicular to the apparent U 
mineralization.  The high U content and low δ238U of samples taken along the high side of 
transect RA suggest that there has been significant cycling of the U in this area of the front.  This 
is consistent with slower groundwater flow along the edge of the roll.  Transect RB is also at an 
oblique angle to the roll axis, but that angle is much shallower and the area of apparent 
mineralization is not as significantly elongated along RB. 
Whole-System Analysis  
Figures 3.7 and 3.12-3.14 show the δ238U for the entire roll front system plotted against U 
content.  If the observations from the oxic tongue are omitted, the observations are consistent 
with the model prediction of a logarithmic trend in δ238U vs. U content.  This is expected, as the 
model was not designed to model the oxic tongue of a roll system.  While there is significant 
scatter in the observations, the logarithmic fit is better than a linear fit (R2 of ≈0.6 vs. ≈0.54, 
respectively).  The apparent similarity of the oxic-side measurements (RC-0; RA-16) to our 
modeled results for a roll front with background U is misleading: the oxic side samples should 
have lower U content, however the δ238U of these samples is similar to the δ238U of the U along 
the up-gradient edge of the roll front (i.e. figure 3.13).  This is better understood as a result of 
incomplete reoxidation of U minerals previously deposited by the roll front, an interpretation 
that is supported by our observation of trace pyrite in the oxic tongue of the roll front. 
Apparent Mineralization 
The correlation between estimated U content and observed areas of apparent mineralization 
based on color is good.  The area of mineralization can be estimated by the darker gray/black 
color in the outcrop that marks the redox boundary.  The change in estimated U content along 
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all three transects matches well with observed areas of darker color; only a single observation 
along transect RA (RA-3) has an anomalously high U content (attributed to local heterogeneity).  
Interestingly, the somewhat higher values of δ238U observed along RB4, RB6, and RA3 
correspond to areas of darker mineralization that appear detached from the roll front system 
(Figure 3.2d).  These areas may be smaller advection tongues related to the main roll front that 
are incompletely exposed, or they may correspond to local concentrations of reducing agents. 
The δ238U and U content measured along RC can also be used to roughly calibrate our 
model results to the area of apparent mineralization at the Turkey Creek Gap roll front.  
Comparing the δ238U and U content of samples RC-1 and RC-2 with the changes in δ238U and U 
content predicted by the model suggests that each node of the base case of the model 
represents ≈0.22-0.3mm of the Turkey Creek roll front.  At this scale, the width of the diamond-
core drill bit (≈0.55cm) or rock hammer introduces significant aggregation into the samples.  
Nevertheless, this suggests that only the first ≈30-40% of nodes of the model roll front would 
show apparent mineralization.   
U Source 
While the formation mechanism of this front is well understood (see above), the source of U for 
mineralization is not as straightforward.  A typical simplified U roll front (i.e. the epigenetic 
model of Hobday and Galloway, 1999) portrays U as entering the roll front system in oxic waters 
transported from a distance.  However, a roll front could be autogenetic: the U input to the roll 
front system may be derived from oxidation of U minerals within the aquifer itself.  This 
distinction will have very little impact on the isotopic evolution of the roll system – the primary 
effect of background U is to shift the δ238U values of the roll toward the background 238U/235U2.  
                                                          
2
 A comparison between adding background U to the results of a model run without considering the 
presence of U background to running a model that considered U background from the start showed a 
root-mean-squared deviation of ≈0.018 between the two methods (n=201).  This analysis was based on U 
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Provided that the 238U/235U of the mobilized U is not changing with time, there is no 
mathematical difference between the sources of U input.  In essence, the source of U has little 
effect on the isotopic behavior of the roll front, but may exert a strong influence on our 
observations of the roll system.  An autogenic front also holds out the possibility of highly 
accurate study of the roll system, as careful analysis of portions of the aquifer not affected by 
redox phenomena would give an excellent characterization of the U input into the roll system 
and might allow for accurately modeling the history of the roll front.   
Mineral Zoning 
The cyclic nature of roll front migration suggests that U mineralization occurs in succession.  For 
any given point along the path of roll front migration, mineralization will begin when the U roll 
system is close enough that mineral precipitation can reach the point in question and ends when 
the redox front passes down-gradient and U minerals begin to dissolve.  During this period of 
mineralization, the quantity of U deposited will steadily increase as the redox front rolls closer.  
Thus, it is possible that: (1) individual U minerals may be zoned, or (2) that younger, larger U 
minerals may nucleate on older, smaller U minerals.  If U reduction follows a Rayleigh distillation 
curve, then each successive generation of minerals (or each successive mineral zone) will have a 
different 238U/235U.  This effect will be fully aliased by whole-rock dissolution or leaching 
methods (such as those used here), and analyses will reflect a mixed ratio of all the U minerals in 
the sample (i.e. following eq. 3).  The effect of mineral zoning or sequential precipitation may 
become relevant if reoxidation of U minerals is sufficiently slow that all precipitate U is not 
dissolved in the time it takes the U roll to migrate.  The slow dissolution of a zoned crystal or 
precipitate cluster would yield U with a changing 238U/235U ratio, and thus might change the 
isotopic structure of the roll if it were incompletely dissolved.  Further, microscale analysis of 
                                                                                                                                                                             
background that was isotopically identical to any input U; if the background U and any input U had 
difference isotopic compositions, this strong predictive power is unlikely to hold. 
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individual uraninite grains or precipitate clusters could be used to look at the isotopic evolution 
of the front and estimate its age and level of maturity by revealing the succession of 238U/235U 
changes with time. 
Surface Reoxidation 
Roll fronts are composed of reduced U minerals whose stability is completely dependent on 
local redox conditions; thus alteration of the front by exposure at the earth’s surface is an 
important concern.  Because the earth’s surface is an oxidizing environment, as are meteoric 
waters, we would expect some loss of U from the front due to weathering.   While reoxidation 
of exposed uraninite can be quite rapid (Posey-Dowty, et al. 1978), the relationship between 
completeness of U reoxidation with depth of weathering is not known.  Thus, 238U/235U ratios 
measured at the outcrop surface may not be the same as 238U/235U ratios measured within the 
rock face or in situ.  U oxidation is not likely to directly change 238U/235U; as shown by studies in 
other isotope systems (Johnson, et al. 2004) and for the reasons developed in Bopp, et al, 
(2009).  However, it is possible that this could have an effect on the observed 238U/235U if 
mineralization behaves as described above.  Since younger generations of U minerals (or 
younger zones of U minerals) would be the first exposed to oxic environments, they would likely 
be first to be dissolved.  If 238U/235U varies as described above, then the total 238U/235U of a given 
sample could shift upward as a result of oxidation.  Given our model, we would expect earlier-
deposited U to have lower δ238U values than later-deposited U.  If U precipitates are sequentially 
zoned, then weathering should depress δ238U values in exposed samples.  Provided there is no 
differential weathering or incongruent dissolution, release of U by weathering should have no 
impact on the pattern of δ238U within the front. 
IMPACTS 
A Geochemical Model of Epigenetic Uranium Deposition 
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Hobday and Galloway (1999) develop a two-phase model of epigenetic U deposition.  According 
to this model, deposits first undergo a “constructional” phase and then a “modification” phase.  
The constructional phase is one of deposit genesis: U is liberated from its source materials, often 
volcanic ash in the case of sedimentary epigenetic U deposits (Walton, et al. 1981), and carried 
in oxic groundwaters until redox conditions change and the U is deposited.  The modification 
phase begins when U input into the system ends, be it because of uplift, a change in the local 
hydrogeology, or other factors.  The U deposit may be remobilized during this phase, possibly 
because of uplift and exposure to oxic waters, or it may be stranded as input of oxic water slows 
or stops.  Any alteration of the U deposit after its deposition occurs during the modification 
phase. 
The geochemical evolution of a roll front system follows a similar two-phase path.  
During the constructional phase of roll front development, the quantity of U in the roll system 
increases rapidly, though at a decreasing rate, and the 238U/235U signature of first-deposited U 
increases along the logarithmic portion of the curves shown in figure 3.13 (a-c).  As the front 
system migrates down-flow and time passes, the rate at which the total U in the roll system 
increases slows significantly, and the rate of change in 238U/235U in the first-deposited U slows.  
Once the roll system completely “rolls over,” (i.e. has migrated down-gradient far enough that 
the redox front has passed the original farthest extent of initial U mineralization) the roll system 
enters the modification phase.  This phase of roll development is characterized by the 
quasilinear change in the 238U/235U of the first-deposited U and the slow increase in the total 
amount of U in the roll system.  In this way the small-scale geochemical development of a roll 
front mimics the large-scale development of the U ore system. 
238U/235U Fractionation in the World Ore Supply 
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The 238U/235U fractionation between reduced U deposits and “magmatic” or higher-temperature 
U deposits is consistent through the literature and appears to be robust (Cowan and Adler 1976; 
Bopp, et al. 2009; Brennecka, et al. 2010).  There appears to be consistency in interpretations 
about the ultimate physical cause of this fractionation, namely differences in the energy of 
bonds created by 235U and 238U due to the nuclear field shift, (Bopp, et al. 2010; Bopp, et al. 
2009; Brennecka, et al. 2010; Weyer, et al. 2007; Schauble 2007).  Low temperature chemically 
reduced U ores have been found to be ≈0.3-0.4‰ heavier that magmatic-type U ores, (Bopp, et 
al. 2009; Brennecka, et al. 2010; Cowan and Adler, 1976).  The consistency of this result over 
several studies is intriguing. 
Examination of figure 3.10 shows the expected δ238U values of U extracted from a 
mature roll front deposit with a continuous U input with δ238U = 0.  A mining operation 
extracting U will extract only the higher-grade ores and will then further separate the high-grade 
U ores from waste materials and low-grade U ores by milling.  In this way, the mining firm will 
inadvertently select for the ores with the lowest 235U content.  While this change in δ238U will 
not impact the firm’s operations, it may be directly responsible for the observations of studies 
based on aggregate U produced by mining firms (i.e. Cowan and Adler, 1976; Brennecka, et al. 
2010).   
This can be seen by an application of the roll front model developed here.  Using the 
238U/235U values for terrestrial granites reported by Weyer, et al (2007), we model a roll system 
with constant U input and trace background U present in the system (the background U has the 
same isotopic composition as the input U).  The results of this run are given in figure 3.14.  A 
mining firm taking only the first 25 nodes of this roll system will produce a final U product with a 
δ238UIRMM U-A of ≈0.28‰; if the firm takes the first 50 nodes of this roll, then its final product will 
show a δ238UIRMM U-A of ≈0.17‰.  While this represents only a small portion of the lateral extent 
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of the roll system, these two options capture ≈54% and ≈79% of the total U in the roll system, 
respectively.  Given that scaling our model to the observed mineralization in the Turkey Creek 
Gap roll front suggests only the first 30-40% of nodes will show clear mineralization, and that 
ore grades for roll front type U deposits are generally very low, ranging from 0.05-0.25wt% 
uraninite (Dahlkamp 1991), extracting only a portion of the lateral extent of a roll front and 
capturing 50-80% of the total U in a roll system (between both ore extraction and milling 
processes) is very plausible. 
This example illustrates two related, but different, effects.  First, that any set of samples 
taken from a roll front (or any U deposit where 238U/235U varies spatially) will have 238U/235U 
variations reflective of their relative positions in the roll.  Second, that aggregate samples taken 
from a roll front (i.e. UOC or an equivalent product) will have 238U/235U variations that are 
directly affected by the efficiency of milling and the decisions of the mining firm regarding grade 
cut off.  These effects are not confined to U roll front systems: any U deposit that expresses a 
systematic change in 238U/235U with ore grade or quality is subject to this effect.  Thus, 238U/235U 
measurements of aggregated U products may express variation due to mining and milling that 
are unrelated to the physical processes at work in the ore deposit (i.e. Cowan and Adler, 1976; 
Brennecka, et al. 2010).  Similarly, comparisons of 238U/235U measurements made on reduced U 
ore samples without accounting for the effects of position (i.e. Bopp, et al. 2009) may not be 
meaningful3. 
The severity of this economic aliasing on 238U/235U measurements of aggregated U 
products will depend on the slope of the relationship between 238U/235U and ore grade: slopes 
near zero will be only slightly affected, while larger slopes (positive or negative) will quickly 
affect the data.  The effects of economic aliasing are such that studies of 238U/235U variations 
                                                          
3
 The Bopp, at al. (2009) study does not make comparisons between reduced U deposits, but does 
compare reduced U deposits to “magmatic” deposits without accounting for spatial effects. 
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based on the final products of U mining and milling must be undertaken with care, and the data 
interpreted with caution.  Further, attempts to “fingerprint” aggregate U ore products by 
measurement of 238U/235U may not be successful as the 238U/235U of U produced by a given firm 
can be altered by changing the mining cut-off grade, mining methods, milling efficiency, or by 
the decisions of management. 
CONCLUSION 
My analysis of δ238U in a small U roll front system in Colorado indicates a systematic behavior of 
U concentration and δ238U as a function of position in the roll front.  Generally, the 
mineralization front has a high U content and a heavy isotopic signature while U content drops 
off and δ238U decreases moving into the reduced sandstone.  The oxic core samples show low U 
contents but can have high δ238U, possibly a  reflection of remnant U from the roll front. 
Numerical modeling shows that a roll system that does not quantitatively capture U 
should develop toward higher δ238U with time and that this increase will proceed through two 
distinct phases of growth: a pre-recycling constructional phase and a recycled-U-dominated 
modification phase.  The model predicts that the mineralized area should evolve from high δ238U 
along its oxic edge to low δ238U along its reducing edge, and this change should correlate with 
decreasing U content.  The model also predicts that total dissolution of bulk samples from a roll 
front will not accurately reflect the current state of the roll, a limitation that may be overcome 
by microscale isotope analysis.  The fit between the model results and 238U/235U observations 
from a small roll front system is reasonable, despite significant scatter in the data.  The strong 
correlation between U content and 238U/235U in the roll front system (both observed and 
modeled) call into question the reliability of 238U/235U data derived from analysis of aggregate U 
products such as UOC and may frustrate attempts at isotopically tracking U ore products. 
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FUTURE WORK 
Understanding the microtemporal and microspatial relationships in a roll system are important 
goals of future work.  Analysis of U minerals for crystal zoning and U ores for sequential 
precipitation is the first step toward fully reconstructing the isotopic evolution of a roll front.  
Further research on the oxidation of zoned U minerals will illuminate the impact of dissolving U 
on the evolving roll system.  Adding these effects into the isotopic model developed here, and 
then incorporating it into an existing reactive-transport model, could have important 
implications for modeling the evolution of U reducing systems where 238U/235U is used as a 
tracer of process (i.e. Bopp, et al. 2010). 
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FIGURES AND TABLES 
 
Table 3.1: U content and 
238
U/
235
U 
Sample Uranium 
Transect Position 
U 
Content 
(μg/g) 
δ238UU-A 
(‰) 
RA 
7 1241 -0.21 
8 1776 0.35 
16 346 -0.19 
18.5 2661 0.02 
19 1663 -0.48 
19.9 2430 -0.32 
RB 
4 888 -0.65 
6 744 -0.31 
7 430 -1.4 
8 1776 -0.73 
9 1723 0.18 
9.5 2321 0.01 
11 1905 0.22 
RC 
0 81 0.05 
1 3140 0.18 
2 82 -1.29 
* ND = No Data 
 
Table 3.2: Model Input Parameters 
Variable Meaning Value (reference) 
Exogenous 
Variables 
RI Input U ratio 137.85 (IRMM REIMP-18A) 
CIs Input U concentration 1.1*10
-4
 g/l (1km
2
 of RGM-1 eroding at 3mm/yr) 
QIs 
Water Flux through the 
front per unit time 
4.3*10
6
 Liters (1% of surface water from 1km
2
 
receiving 43cm/timestep of rain) 
T 
Number of timesteps in the 
model 1500 (arbitrary) 
Fl length of the front 201 (arbitrary) 
Em 
Entrapment efficiency (% 
dissolved U captured in 
each node) 3% (arbitrary) 
Endogenous 
Variables 
Ci Dissolved U concentration at a given timestep (input U + reoxidized U) 
Ri U ratio at a given timestep (input U + reoxidized U) 
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Figure 3.1: Schematic of a simple roll front system.  Oxic, U-bearing waters infiltrate a reducing 
aquifer.  As the reducing capacity of the aquifer is consumed by the oxic waters, a redox gradi-
ent develops along which U mineralization occurs.  The characteristic C-shape is due to differ-
ential groundwater flow at the sides and middle of the aquifer. 
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Figure 3.2: (a) U roll front near Golden, CO that is the subject of this study; (b) U roll front with transect lines chalked on to the 
outcrop surface, transect numbers begin at the bottom of the transect line, yellow chalk marks are approximately 1 inch 
apart, the white arrows in (d) and (e) indicate approximate direction of groundwater flows; (c) close-up of transect RC, RC0 
has multicolored chalk; (d) transect RA where it crossed the roll front near transect RC; (e) lower section of transect RB where 
it crosses the roll front, RB-4 (indicated by the star and labeled in chalk) was taken from a small area of dark-colored minerali-
zation that is apart from the rest of the roll front. 
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Figure 3.3: sketch map of the roll front sampling scheme (see figure 3.2b).  The relative posi-
tions of control samples are indicated.  The up-gradient control sample was taken 60 inches 
from RC2.  The down-gradient control was taken 30 inches from RC2.   Not to scale. 
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Figure 3.4: 238U/235U ratios and estimated U content measurements for transect RC, shaded 
region indicates the area of apparent mineralization (darker areas in outcrop). 
98 
Figure 3.5: 238U/235U and estimated U content for transect RB, the shaded region indicates the 
area of apparent mineralization (darker areas in outcrop).  The arrow indicates the inferred 
direction of  oxic groundwater flow.  Concentration uncertainty is ±10%. 
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Figure 3.6: 238U/235U and estimated U content for transect RA, shaded region indicates areas of 
apparent mineralization (darker areas in outcrop).   The orientation of transect RA is such that 
the direction of groundwater flow is nearly perpendicular to the transect, as shown by the ar-
row.  Concentration uncertainty is ±10%. 
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A 
B D 
C 
Figure 3.9: (a,b) change in δ238U  of the U ore deposited in a given timestep with time.  (a) 
shows δ238U  by node at different timesteps, (b) shows the δ238U of the first node by timestep 
(inset shows first 200 timesteps).  The rate of δ238U increase is initially very fast, but asymptoti-
cally approaches zero with time.  (c,d) Plots of quantity of U per node (main plots) and δ238U 
by node (insets) for the base model case at T=1 (c) and T=1500 (d).  Note that while the 
amount of U in the system increases significantly through time, its distribution does not.  Inset 
graphs in (c,d) show the  δ238U values of the plots they appear on. 
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Figure 3.10: Plot of isotope ratio vs. node position vs. reaction progress; note that Rayleigh  
behavior is masked by discretization, not eliminated. 
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Figure 3.11: (a,b,c) Plots of first-node-deposited δ238U vs. timestep showing response of the 
system to various changes in U input; U input into the system exercises the direct control over 
the rate of increase in δ238U with time — decreasing input U causes δ238U values to increase at 
faster rate (a,b); however because the front can only cycle existing U when U input ceases, re-
sumption of new U input causes the system to collapse back to its original trajectory (c).  (d) 
shows the trend in δ238U for the U deposited in the last timestep, the total U ore in the system, 
and the total U ore + background U; compare with figures 3-5 which are broadly consistent 
with the trends seen here. 
A 
B D 
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Figure 3.12: (a) plot of δ238U vs. U content of ore; the “swoosh” or “checkmark” shape is due 
to the roll front isotopic signature slowly being overwhelmed by mixing with background U. (b) 
δ238U vs. 1/U content of ore; again the “swoosh” pattern is visible.   
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CHAPTER 4 
URANIUM ISOTOPE RATIOS AS INDICATORS OF REDUCTION: RESULTS FROM AN IN SITU 
BIOSTIMULATION EXPERIMENT AT RIFLE, CO1 
ABSTRACT 
The attenuation of groundwater contamination via chemical reaction is traditionally evaluated by 
monitoring contaminant concentration through time.  However, this method can be confounded by 
common transport processes (e.g. dilution, sorption).  Isotopic techniques bypass the limits of 
concentration methods, and so may provide improved accuracy in determining the extent of reaction.  
We apply measurements of 238U/235U to a U bioremediation field experiment at the Rifle Integrated Field 
Research Challenge Site in Rifle, CO.  An array of monitoring and injection wells was installed on a 100 
m2 plot where U(VI) contamination was present in the groundwater.  Acetate-amended groundwater 
was injected along an up-gradient gallery to encourage the growth of dissimilatory metal reducing 
bacteria (e.g. Geobacter species).  During amendment, U concentration dropped by an order of 
magnitude in the experiment plot.  We measured 238U/235U in samples from one monitoring well by MC-
ICP-MS using a double isotope tracer method.  A significant ≈1.00‰ decrease in 238U/235U occurred in 
the groundwater as U(VI) concentration decreased.  The relationship between 238U/235U and 
concentration corresponds approximately to a Rayleigh distillation curve with an effective fractionation 
factor (α) of 1.00046.  We attribute the observed U isotope fractionation to a nuclear field shift effect 
during enzymatic reduction of U(VI)(aq) to U(IV)(s).   
  
                                                          
1
 Bopp, Charles John, Craig Campbell Lundstrom, Thomas Martin Johnson, Robert A. Sanford, Phillip E. Long, and 
Kenneth Hurst Williams. "Uranium Isotope Ratios as Indicators of Reduction: Results from an in situ Biostimulation 
Experiment at Rifle, CO." Environmental Science and Technology (2010).  Reprinted in part with permission from 
the American Chemical Society.   
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INTRODUCTION 
While the problem of nuclear waste disposal has garnered more public attention the problems inherent 
in the front end of the nuclear fuel cycle, such as U contamination in surface and groundwaters, are also 
important.  Mining and processing of U can pose significant public health hazards, especially if U-rich 
materials are left exposed at the surface.  U production has left a legacy of contamination in many parts 
of the world (Abdelouas 2006).  Given the possibility of increased reliance on U as an energy source, the 
issues of contamination and remediation may become more important.  Thus, monitoring the 
remediation of U contamination in groundwater is an important priority for managing the legacy of past 
U production and the sustainable use of nuclear power.   
The environmental chemistry of U resembles that of other redox variable metals and involves a 
complex combination of sorption-desorption and redox changes (Ginder-Vogel, et al. 2006, Hyun, et al. 
2009).  U has four naturally occurring oxidation states, ranging from U(III) to U(VI); however U(III) and 
U(V) are uncommon.  U(VI) may be highly mobile in oxic groundwaters under most conditions as the 
uranyl ion (UO2)
+2, particularly when complexed (Hostetler and Garrels 1962).  U(IV), by contrast, is 
highly immobile in all but the most extreme pH conditions.  U(IV) forms numerous minerals such as 
uraninite (Murphy and Shock 1999), saturating at low aqueous concentrations. All forms of U are 
potentially toxic, but reduction of U(VI) to immobile U(IV) greatly reduces the likelihood of exposure via 
drinking water. Elevated U concentrations are present naturally in felsic igneous bodies such as silicic 
volcanic rocks or granite, and may be naturally elevated in watersheds containing these rocks.  
Economically significant deposits of U in igneous provinces are generally the result of hydrothermal 
action, while deposits in sedimentary regimes generally result from the chemical reduction of dissolved 
U(VI)(aq) in groundwater (Dahlkamp 1991). 
U mining and milling has produced almost one million cubic meters of tailings around the world 
(Abdelouas 2006); tailings most often stored in subaerial mounds or piles near the mine or mill which 
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produced them.  These tailings piles pose a risk to groundwater because oxidation produces U(VI) that 
can be mobilized by drainage and enter groundwater.   U has been recognized as toxic independent of 
its radioactivity (Agency for Toxic Substances and Disease Registry (ATSDR) 1999, Domingo 2001), and 
groundwater is a likely vector for the delivery of U to populations that rely on impacted water supplies. 
U could also enter the subsurface by infiltration of oxidized waters to the lower parts of the pile, or as a 
component of acidified drainage coming off of the tailings pile (Abdelouas 2006).  For a more complete 
review of the dangers and environmental impacts of U tailings, see the review by Abdelouas (Abdelouas 
2006).   
The two most abundant isotopes of U are 238U and 235U, which make up ≈99.2% and ≈0.7% of 
natural U, respectively.  Because these two isotopes have extremely long half-lives (≈4.45×109 and 
≈7×108 years; (Bourdon, et al. 2003)), they can be treated as “stable” over the relatively short timescales 
of processes such as contaminant migration over the past several decades.  Recent research 
demonstrates that on these short timescales, changes in 238U/235U are induced by certain geochemical 
processes, such as reduction. Several authors have shown 238U/235U to vary depending on environment 
and mode of U deposition (i.e. high vs. low temperature or igneous vs. epigenetic sedimentary 
deposition).  These include studies showing broad changes in 238U/235U in U-bearing solid materials 
across several environments, with high 238U/235U occurring in chemically reduced black shales (Stirling, et 
al. 2007, Weyer, et al. 2008) and in epigenetic U ores produced by reductive entrapment of U(VI)(aq) from 
groundwater (Bopp, et al. 2009); this latter study found that tabular sandstone ore deposits were 
consistently depleted in 235U relative to magmatic depostis (Bopp, et al. 2009).  Because different 
isotopes may have slightly different bonding behavior in a given chemical reaction, isotope ratios may 
be fractionated during chemical reaction.  The fractionation of 235U from 238U as a result of reduction is 
analogous to the behavior observed in other redox-active elements, such as S (Johnston et al. 2007, 
Thode et al. 1961) and Cr (Johnson and Bullen 2004).  Here, we apply the method of using variations in 
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238U/235U to monitor U reduction in a contaminated aquifer undergoing stimulated bioremediation 
through organic carbon amendment.  
EXPERIMENTAL DESIGN 
To test the feasibility of in situ methods of remediating U contamination in groundwater, an 
experimental plot was built on the former site of a U mill at Rifle, CO, the source of the elevated U levels 
in the groundwater.  The experiments at this site (the Rifle Integrated Field Research Challenge (IFRC) 
site) have succeeded in reducing U concentrations by an order of magnitude via stimulation of the 
native subsurface bacteria (i.e. Williams, et al. 2010; Anderson, et al. 2003).  This site is designated the 
Old Rifle site and was part of the Uranium Mill Tailings Remedial Action (UMTRA) program under the 
U.S. Department of Energy (Anderson, et al. 2003). 
We have undertaken the analysis of a set of groundwater samples collected both prior to and 
during a biostimulated reduction experiment. A map of the site is given in figure 4.1 with the wells 
studied here noted in bold.  The experiment was conducted within a shallow, unconfined aquifer 
comprised of alluvial sands, silts, and gravels deposited along the Colorado River floodplain and 
underlain by the impermeable Wasatch Formation at approximately 6 meters depth (Anderson, et al. 
2003).  U concentrations in the test plot prior to the experiment varied from ≈101μg/L to ≈225μg/L, 
dissolved oxygen was ≈0.2mg/L, and no nitrate was reported.   
The “Winchester” field experiment involved the injection of sodium acetate (5mM) and 
potassium bromide (2mM) amended groundwater into the subsurface over 31 days during the summer 
of 2007 to stimulate the bioreduction of U in a manner similar to previous experiments at the site (i.e. 
Anderson, et al. 2003).  The experimental plot consisted of an injection gallery composed of 10 closely 
spaced (1 m) injection wells and a larger grid of 12 down-gradient observation wells; three control wells 
were located up-gradient from the injection gallery.  Three rows of down-gradient wells were located 
2.5, 5, and 8.5 m from the region of injection; each row was comprised of 4 wells spaced at 2.5 m.  The 
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observation wells were composed of PVC (10 cm diameter) and slotted beneath the water table (ca. 3 m 
below ground surface at the time of the experiment).  This study focuses on the comparison of a time 
series of samples taken from well D-07 during organic carbon amendment with samples from control 
well U-01 during the same time period and background samples from all wells prior to organic carbon 
amendment. 
Samples were taken from every monitoring well before the injection experiment began to 
provide an adequate baseline.  Once acetate injection began the monitoring wells were sampled 
systematically with time; this study focuses on samples taken over a period of 45 days from the start of 
the experiment.  The samples for this study were ≈30ml of groundwater filtered through 0.25μm PTFE 
filters and then acidified by the addition of 200μL of ultrapure 12N nitric acid and then stored at 4°C to 
await analysis. The samples were first analyzed by Inductively-Coupled Plasma Mass Spectrometer for 
cation content at Lawrence Berkeley National Laboratory before being shipped to the Isotope 
Geochemistry Laboratory at the University of Illinois at Urbana-Champaign.  The samples were stored at 
4°C continuously, and were at room temperature only when aliquots were removed for processing and 
analysis. 
ANALYTICAL METHODS 
Based on kinetic phosphorescence analysis (following ATSM D5174) concentration measurements, 
aliquots of sufficient volume to yield ≈400ng of U were taken from the field samples.  The total sample 
volume consumed for each prepared aliquot varied from ≈2ml to ≈20ml.  An amount of double spike 
(see below) was added to each sample, and the samples were then tightly capped and shaken to mix the 
double spike and sample thoroughly, then uncapped and evaporated to dryness in a clean dry-down 
box.   Several samples were prepared in duplicate as a check on the entire chemical method. 
Samples were then re-dissolved in 8N nitric acid and loaded onto a prepared column of AG1-X8 anion 
exchange resin.  The columns varied in volume from 2ml to 4ml (based on sample size).  Columns and 
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resin were cleaned by ethanol, sodium hydroxide, 1N HCl, and ultrapure (≈18.2MΩ) water rinses; each 
column and resin bed was cleaned individually.  Immediately prior to use each column was further 
cleaned and prepared with several column volumes of 1N HCl, 8N nitric acid, and ultrapure water.  
Samples were then loaded and washed with ≈3.5 column volumes of 8N nitric acid, then eluted in 
ultrapure water and 1N hydrobromic acid.  Samples were then evaporated to dryness.  Once the 
samples were dried, they were treated with a small quantity of concentrated nitric acid (≈15N) to 
destroy organic residues that may have evolved off of the resin during sample elution.  The samples 
were then again evaporated to dryness.  The chemical methods are similar to those of Bopp, et al. 
(2009), Rademacher, et al. (2006), and Edwards, et al. (1987).   
The double-isotope tracer (double spike) admixed into each sample or standard prior to 
chemical separation served as a monitor of instrumental mass bias and any isotopic fractionation 
induced during sample preparation.  Correcting for these effects yields a highly precise determination of 
the original 238U/235U.  The tracer is a mixture of 233U and 236U having a precisely known ratio (233U/236U 
≈0.146001). The double spike has a 235U/236U ratio of ≈0.00202 and a 236U/238U ratio of ≈691, such that 
the contribution to the total 235U and 238U from the spike is small and can be corrected for.  The double 
spike methods are similar to published methods (Bopp, et al. 2009, Rademacher, et al. 2006). 
Isotopic Analysis   
Isotope analyses were made on a Nu Instruments HR Multi-Collecting Inductively-Coupled Plasma Mass 
Spectrometer (MC-ICP-MS) with samples introduced using a desolvating nebulizer (DSN-100).  Purified 
samples were dissolved in ≈0.3N nitric acid and sample concentrations adjusted to levels that would 
provide signal intensities of 160 to 180 pA for 238U and at least 1 pA for 235U.   High-precision 238U/235U 
measurements require sufficient intensity of 235U, long integration periods (≈10s per ratio), and long 
baseline measurements (≈total period of integration) to achieve adequate 235U signal to noise ratio.  
After tuning and adequate warm up time, several sets of standards including IRMM REIMP-18A 
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(hereafter IRMM U-A) and CRM-112A (formerly NBS U960) are run.  The reported (Weyer, et al. 
2008)long-term mean offset of CRM-112A from IRMM U-A (as expressed in the standard delta notation, 
eq. 4.1) is δ238UIRMM U-A+0.21‰.  Values for these standards measured at the beginning of each session 
were used as the major check on the relative accuracy of 238U/235U measurements within a session.  
Samples were analyzed only after the observed offset was matched to the reported offset within the 
uncertainty of the measurement.   
δ U238  
 U238 U235 
Sample
- U238 U235 
  MM  E MP-18A
 
U238 U235 
  MM  E MP-18A
 1000
 Each sample analysis session included a standard run every third or fourth sample to monitor 
instrumental drift, as well as paired runs of IRMM U-A and CRM-112A as a check of data quality.  We 
analyzed several samples prepared in duplicate as well as performing repeat instrumental analyses of 
singly processed samples as a check on data quality, consistency, and instrumental drift.  Analysis of 
procedural blanks found them to constitute less than 0.002% of the normal U load.  Repeated analysis of 
the standards shows analytical uncertainty to be ±0.13‰ (2σ), while the average offset between 
δ238UIRMM U-A and CRM-112A is 0.20‰, which is indistinguishable from the expected value of 0.21‰ 
(Weyer, et al. 2008).  Analysis of duplicate samples, and repeat analysis of single samples, shows no 
difference outside of reported uncertainties. 
 
RESULTS AND DISCUSSION 
While there were small differences in the pre-experiment isotopic signature of groundwater within the 
experimental plot, pronounced changes in 238U/235U ratios were observed in samples only after 
biostimulation occurred. Background samples (figure 4.2, table 4.1) have a mean δ238U value of ≈0.24‰ 
with a natural variability of ≈0.12‰ (2σ) excluding two outlying data points.  We attribute these 
Equation 4.1 
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anomalous points to the presence of a naturally-occurring reducing zone based on their dissolved U 
concentration and the presence of dark-colored organic material in sediments from these wells.   
The down-gradient well D-07 showed a significant change in δ238U values as the experiment 
progressed (figure 4.3) and groundwater U(VI) levels decreased from 0.8 to 0.09µM.  Well D-07 showed 
a total δ238U change of ≈1.0‰ from pre-injection values of δ238UIRMM U-A ≈0.4‰ to post-injection values 
of δ238UIRMM U-A ≈-0.60‰.  This decrease was well outside both analytical uncertainty and the background 
variability of the site.   
The results from the up-gradient control well U-01 contrast strongly with the down-gradient 
experimental well.  Over the same time period as the D-07 results, well U-01 showed no significant 
change in 238U/235U ratio with time (figure 4.3); U(VI) concentration also remained stable over the 
experimental period (0.87±0.02µM).  The total variation in δ238UIRMM U-A over the analysis period was 
≈0.11‰ (2σ), with an average of δ238UIRMM U-A ≈0.14‰. Further, no significant co-variation was found 
between 238U/235U ratios and U concentration in the control case. 
The use of isotope fractionation to monitor oxidation-reduction reactions is not new; reduction 
reactions involving sulfur, selenium, iron, and chromium are all known to induce isotopic fractionation 
(Johnson and Bullen 2004, Johnson, et al. 1999, Severmann, et al. 2006).  The Rayleigh distillation model 
(Hoefs 2009) is often used to describe the relationship between isotope ratios and the extent of 
reaction; we developed such a model for the reduction of U in the Rifle experiment plot.  The Rayleigh 
model describes the isotope ratios of reactants and products in a closed system where a reaction 
showing isotopic preference proceeds in the absence of back-reaction.  To a rough approximation, 
groundwater masses moving through the bioreduction zone can be described using a Rayleigh model.  
Each groundwater mass is not a closed system because of dispersive mixing, but this effect is generally 
not very strong and leads to relatively small errors in interpretations (Abe and Hunkeler 2006).  We 
assume U(IV) does not undergo back-reaction or otherwise interact substantially with U(VI).  Since 
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uraninite has been shown to be stabilized by the presence of organic matter generally (i.e. Grandstaff 
1978), and biogenic uraninite has been shown to be stabilized by the presence of sulfate-reducers 
specifically (Anderson, et al. 2003, Barger, et al. 2008), this assumption is tenable.  The observed change 
in δ238U with concentration is in agreement with such a process (figure 4.4).  We obtained an estimate 
for this site by plotting the natural logarithm of 238U/235U vs. the natural logarithm of concentration and 
performing a linear regression as described in (Scott, et al. 2004). The resulting value of α (see eq. 4.2) is 
1.00046.  The best-fit Rayleigh distillation curve based is plotted with our results in figure 4.4. 
α 
 U238 U235  
reactants
 U238 U235  
products
 
These results indicate that 235U is depleted in the solid reaction product relative to 238U.  This 
sense of fractionation, with the heavier isotope preferentially incorporated into the solid, is opposite 
that observed for the reduction of other elements studied isotopically (i.e. Se, Cr (Johnson and Bullen 
2004, Ellis, Johnson and Bullen 2002), S (Kaplan and Rittenberg 1964)).  However, this is consistent with 
results from U isotopic analyses of solid earth materials (Bopp, et al. 2009, Stirling, et al. 2007, Weyer, et 
al. 2008). Recent work has shown that U ore deposits created by entrapment of U(IV) via U(VI) reduction 
in aquifer settings (e.g. roll-front or tabular sandstone deposits) have a distinctly greater 238U/235U 
compared to higher temperature “magmatic” deposits (Bopp, et al. 2009).  This reflects 238U 
preferentially reducing to form the solid uraninite phase.  Thus, the sense of fractionation derived from 
ore deposits complements the present study in which the 238U/235U in coexisting water decreases as 
reduction proceeds during the experiment.  
Isotopes of the light elements are known to fractionate because of differences in energy that 
are dependent upon their masses (Schauble, Applying stable isotope fractionation theory to new 
systems 2004); numerous studies provide clear evidence of this process in nature (i.e. Valley and Cole 
2001).  For U reduction in groundwater, the mass-dependant isotope effect predicts that the lighter 235U 
Equation 4.2 
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isotope would react more quickly, resulting in a U precipitate enriched in 235U and a residual 
groundwater depleted in 235U.  This is the opposite of what is observed at Rifle; therefore we conclude 
that mass-dependent fractionation is not the dominant isotope-fractionating process. 
A mass-independent nuclear effect known as the nuclear field shift (NFS; (Bigeleisen 1996, 
Schauble 2006, Fujii, et al. 2009)) has been shown to be increasingly important for heavier elements 
such as mercury, and it has recently been applied to explain U isotope fractionation in several studies 
(Bopp, et al. 2009, Stirling, et al. 2007, Weyer, et al. 2008).  Unlike conventional, mass dependant 
effects, the NFS is controlled by the shape and volume of the individual isotope nuclei, independently of 
atomic mass.  Theory predicts that the NFS-driven isotopic fractionation of 238U-235U will be 3 times 
greater and in the opposite sense to that of the conventional effect (Bigeleisen 1996).  The NFS effect 
should lead to the lighter 235U isotope preferentially staying dissolved in the liquid while the solid U 
precipitate preferentially incorporates 238U, consistent with the data presented here.     
While our results are consistent with a NFS-dominated scenario, contradictory results from 
bacterial reduction experiments do exist.  Rademacher, et al. (2006) found that U reduction in 
laboratory experiments by Geobacter sulfurreducens and Anaeromyxobacter dehalogenans resulted in 
the remaining unreduced U(VI) in solution having progressively higher 238U/235U; while this is in 
agreement with a mass-dependent fractionation effect, it is opposite to what is observed in every 
naturally reduced sample thus far measured (both solids and, in the case here, pore 
fluids/groundwater).  The reason for the difference between the fractionation in the laboratory 
experiments and that observed during natural U reduction is not understood at present.  However, the 
laboratory microcosm experiments were very different from a natural groundwater system.  In the 
Rademacher, et al. experiments, cell counts were very high, starting 238U/235U ratios were ≈1 
(Rademacher, et al. 2006), and few surfaces were available for bacterial colonization or U sorption.  The 
experiments of Rademacher, et al. (2006) suggest that additional experiments are needed to understand 
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the mechanistic controls on biological fractionation of U isotopes in both natural and laboratory 
environments. 
The use of isotopic methods to monitor remediation and confirm that U reduction has occurred 
offers a significant advantage over other methods that depend on concentration alone.  At Rifle, U 
concentration decreases rapidly once the acetate injection experiment is underway.  The temporal 
relationship with injection is clear and provides independent evidence that U(VI) reduction is occurring. 
However, confounding factors such as adsorption, desorption, and dilution can cause significant changes 
in concentration without U reduction actually taking place such that in the majority of field situations 
changes in U concentration cannot be uniquely attributed to reduction.  Indeed, biostimulation 
experiments like those performed at Rifle could alter the water chemistry such that U(VI) adsorption is 
enhanced and U(VI) concentration decreases without any actual U(VI) reduction.  Given the size of the 
laboratory-determined isotopic fractionation factors for sorption of other oxy-ions such as CrO4 (Ellis et 
al. 2002), it is likely that sorption of uranyl does not induce significant fractionation; therefore the 
systematic decrease in 238U/235U with time in D-07 is best explained by fractionation during reduction. 
While this needs further examination, it is supported by theory and by analogy to other elements.  
Isotopic fractionation will be strongest when contrasts in the local bonding environment are greatest, as 
when U(VI) is reduced to U(IV).  Although U(VI) sorption could alter the U bonding environment 
somewhat, we expect that the contrast between dissolved and adsorbed U(VI) species will be much 
smaller than that between U(VI) and U(IV).  Accordingly, we expect any isotopic fractionation induced by 
sorption to be much smaller than that induced by reduction.  Similarly, while Geobacter species have 
been shown to use varying methods of delivering the electrons to the terminal electron acceptor (e.g. 
nanowires (Reguera, et al. 2005) and electron shuttles (Nevin and Lovley 2002)), we expect that the 
changes in bonding environment between the various terminal electron deliveries would be small in 
comparison with the contrast between U(VI) and U(IV).  Reduction of U requires the transfer of two 
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electrons and the subsequent reshuffling of the bonding regime around the U atom; it is this gross 
change in local bonding environment that most induces isotopic fractionation. 
 A goal of future work is to determine whether isotopic methods could discriminate abiotic (e.g. 
Fe(II)-mediated; (Jeon, et al. 2005)) reduction from biologically-driven reduction of U(VI) in 
groundwater. While discrimination of these processes based on field experiments such as Rifle is largely 
intractable without adequate laboratory data, knowledge of reaction mechanisms is critical for 
improving the quality of reaction transport models describing U mobility in subsurface environments 
IMPACTS 
The finding of U isotopic fractionation at the Rifle IFRC site provides the first direct evidence that U(VI) 
reduction in a groundwater system is accompanied by isotopic fractionation.  Although such 
fractionation can be inferred from results of previous studies on naturally occurring solids, this field 
experiment indicates that 238U/235U can be used to trace the progress of reduction in a remediation 
environment.  Because the change in isotope ratio occurs simultaneously with decreases in U(VI) 
concentration, isotopic ratios appear to provide a method for monitoring U reduction.  This method 
complements standard concentration-based approaches that may be confounded by dilution and 
sorption.  Comparison with baseline or pre-remediation 238U/235U can quickly reveal if a reduction-based 
remediation scheme is working. Furthermore, long-term observations of changes in 238U/235U may allow 
for the assessment of U reoxidation and the potential for remobilization following cessation of organic 
carbon amendment and a return to more oxic geochemical conditions.  It is important to note, however, 
that this isotopic method cannot be used in settings of anthropogenically altered U isotopic 
compositions.  If the isotopic composition of contaminant U differs from that of the natural environment 
then any isotopic signature of reduction will likely be overwhelmed by isotopic changes due to mixing.  
The method described here may also enable the estimation of very low rates of natural bioreduction 
occurring on year or decadal timescales. 
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Figures and Tables 
Well 
Name/Number
Date
Experiment 
Elapsed Time
U Concentration 
(μM)
‰ deviation from 
IRMM REIMP-18A
D-01 7/29/2009 n/a 0.65 0.30
D-01 7/29/2009 n/a 0.65 0.30
D-02 7/28/2009 n/a 0.43 0.38
D-02 7/28/2009 n/a 0.43 0.29
D-03 7/29/2009 n/a 0.65 0.00
D-04 7/29/2009 n/a 0.64 -0.05
D-05 7/29/2009 n/a 0.73 0.23
D-06 7/28/2009 n/a 0.73 0.19
D-06 7/28/2009 n/a 0.73 0.21
D-07 7/29/2009 n/a 0.64 0.20
D-08 7/29/2009 n/a 0.60 ND*
D-09 7/29/2009 n/a 0.80 0.22
D-10 7/28/2009 n/a 0.79 0.21
D-11 7/29/2009 n/a 0.76 0.25
D-12 7/29/2009 n/a 0.65 0.16
U-01 7/29/2009 n/a 0.74 0.28
U-02 7/28/2009 n/a 0.55 0.34
U-03 7/29/2009 n/a 0.75 0.32
MNA-1 8/6/2009 n/a 0.95 0.15
U-01 8/10/2009 2.00 0.87 0.23
U-01 8/12/2009 4.00 0.89 0.18
U-01 8/14/2009 6.00 0.82 0.17
U-01 8/20/2009 10.00 0.84 0.13
U-01 8/25/2009 15.00 0.87 0.17
U-01 8/29/2009 19.00 0.85 ND
U-01 9/1/2009 24.00 0.86 0.20
U-01 9/3/2009 27.00 0.87 0.05
U-01 9/14/2009 37.00 ND 0.20
D-07 8/10/2009 2 0.83 0.38
D-07 8/12/2009 4 0.73 0.41
D-07 8/14/2009 6 0.72 0.49
D-07 8/15/2009 7 0.75 0.36
D-07 8/15/2009 7 0.75 0.32
D-07 8/16/2009 8 0.71 0.32
D-07 8/18/2009 10 0.79 0.23
D-07 8/18/2009 10 0.79 0.34
D-07 8/22/2009 14 0.46 -0.13
D-07 8/23/2009 15 0.38 -0.06
D-07 8/26/2009 18 0.21 -0.62
D-07 8/27/2009 19 0.19 -0.49
D-07 8/28/2009 20 0.15 -0.59
D-07 8/29/2009 21 0.15 -0.54
D-07 8/31/2009 23 0.13 -0.55
D-07 9/3/2009 26 0.10 -0.66
D-07 9/5/2009 28 0.93 -0.61
D-07 9/12/2009 35 0.10 -0.67
D-07 9/13/2009 36 ND -0.64
D-07 9/18/2009 41 0.17 -0.49
*No Data
U-01 Timeseries (Upgradient Control Well)
D-07 Timeseries (Downgradient Experimental Well)
Table 4.1 Results of Uranium Isotope Analysis for selected wells at the Winchester 
Biostimulation Experiment, Rifle, CO
Date
Background Wells
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Figure 4.1: Map of the experiment plot.  Control well U-01 and experiment well D-07 are noted in bold.  Direction 
of groundwater flow is noted by the arrows in the plot. 
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Figure 4.2: Background U isotope measurements across the entire experimental plot.  Note the two outlying low 
values which are attributed to a pre-existing naturally reducing zone in the experiment area.  Without the two 
outliers, the average background δ238U value is ≈0.24‰ ±0.12‰ (2σ).  2σ uncertainty is ≈0.13‰; represented by 
the error bars shown.   
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Figure 4.3: Measured 238U/235U isotope ratios in wells D-07 and U-01 over the course of acetate amendment.  
Well D-07 is down-gradient of the acetate injection gallery, while well U-01 is up-gradient of the injection gallery.  
δ238U values in D-07 drop precipitously shortly after acetate amendment begins by ≈1.0‰; while no significant 
change in U isotope ratio is observed in control well U-01.  Uncertainty is ≈0.13‰ (2σ), represented by the error 
bars; the x-axis indicates days since acetate amendment began. 
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Figure 4.4: Observed 238U/235U ratios vs. those predicted by a Rayleigh Distillation Model based on the present 
results; plotted against dissolved U concentration.  Reduction is increasing from right to left.  The ε for this distil-
lation is ≈0.46‰, computed from the α value as found using the methods in (Scott, et al. 2004).  2σ uncertainty is 
≈0.13‰. 
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CHAPTER 5 
INVESTIGATING CRYPTIC CHANGES IN URANIUM CONCENTRATION BY 238U/235U ANALYSIS: 
UNDERSTANDING A CONTAMINATED GROUNDWATER SYSTEM AT RIFLE, COLORADO, USA 1 
ABSTRACT 
The Rifle Integrated Field Challenge Site at Rifle, CO is located in the area of residual uranium 
groundwater contamination from a uranium mill tailings pile.  Several uranium bioremediation 
experiments have been successfully conducted at the site, characteristically reducing dissolved uranium 
concentrations within days of acetate injection.  Here we analyze a set of groundwater samples taken 
from an experiment in which concentrations of U(VI)(aq) dropped after initial acetate injection then 
rebounded sharply after a 7 day interruption in acetate amendment and remained elevated for over a 
month.   Applying MC-ICP-MS and double-isotope tracer techniques, we find that δ238U and U(VI)(aq) 
concentration increase together.   However there is a lag time between the decrease of U(VI)(aq) and the 
onset of lower δ238U values.  Using previous data showing 238U/235U changes during U reduction at the 
Rifle site, we apply a mixing model to predict the 238U/235U of the uranium causing the concentration 
increase.  These model-estimated δ238U values increased by more than ≈1.0‰ over twenty days, 
however short periods of increasing δ238U values are separated by a long period of constant, 
intermediate δ238U values.  We interpret this “stair-step” shape to be characteristic of a desorption-
reoxidation process; however more work is needed to constrain the effects of adsorption/desorption 
and redox on 238U/235U ratios to verify this interpretation.  With further work, 238U/235U methods may 
provide a reliable tracer of short-term uranium mobility. 
  
                                                          
1
 Groundwater samples, Alkalinity, Potassium Bromide Tracer, and Fe(II) concentration data provided by the Rifle 
IFRC group, permission to include data granted by Dr. Kenneth H. Williams, Lawrence-Berkley National Lab. 
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INTRODUCTION 
Uranium contamination in groundwater is a significant, difficult problem in places where U mining, 
milling, or processing has taken place (i.e. Abeldous, 2006).  U is both radioactive (Bourdon, et al. 2003) 
and toxic (Domingo 2001), and the withdrawal of groundwater for residential and public use is a likely 
vector for delivery of dissolved U.  The increasing interest in nuclear power generation as an alternative 
to fossil fuel derived power has been accompanied by intense debate over the disposal of used nuclear 
fuels; however the environmental problems associated with the front end of the nuclear fuel cycle 
should not be overlooked.  Historical U mining and milling have left significant contamination in many 
parts of the world, and any increase in nuclear power must inevitably produce an increase in new U 
production.  Understanding and remediating legacy contamination is important not only to repair 
environmental damage, but to limit and prevent damage from future U production. 
The environmental chemistry of U is similar to that of other redox active metals and includes a 
complex combination of adsorption-desorption and redox changes (Ginder-Vogel, et al. 2006, Hyun, et 
al. 2009).  U has four oxidation states: the uncommon U(III), the ephemeral U(V), and the common U(IV) 
and U(VI) states.  The mobile U(VI) state is predominant in oxidized settings through almost all pH 
conditions; while the immobile U(IV) state is dominant in reducing systems through most pH conditions 
(Hostetler and Garrels 1962).  U occurs naturally in the earth’s crust, averaging ≈2ppm through the 
upper crust and ≈4ppm in felsic igneous rocks (Plant and Saunder 1996); watersheds that drain felsic 
igneous provinces may contain naturally elevated levels of dissolved U.  While all U can be toxic 
(Domingo 2001), reduction of U(VI)(aq) to U(IV)(s) greatly reduces potential human exposure from 
groundwater.  This process occurs naturally as a U ore-forming process (i.e. Dahlkamp 1991, Hobday and 
Galloway 1999)), and is under examination as a method of in situ remediation (i.e. Anderson, et al. 2003, 
Morrison, et al. 2002)). 
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U has three naturally occurring isotopes: 238U, 235U, and 234U.  238U and 235U are the longest-lived 
(T1/2≈7.1x10
8 and 4.5x109yrs), while 234U (T1/2≈2.4x10
5yrs) is produced by the decay of 238U through 234Th 
and 234Pa (Bourdon, et al. 2003).  238U makes up the vast majority of natural U: 235U and 234U have natural 
abundances of only ≈0.72% and ≈0.0057%, respectively. Because of their long half-lives, 238U and 235U 
can be treated as “stable” isotopes over the short timescales over which contaminant migration might 
occur.  Recent research has shown that certain geochemical processes such as reduction can induce 
changes in 238U/235U (Stirling, et al. 2007, Weyer, et al. 2007, Bopp, et al. 2009, Brennecka, et al. 2010).  
Monitoring these changes in 238U/235U allows the U reduction process to be traced (Bopp, et al. 2010).   
Evaluating the effectiveness of a U remediation scheme is often done by monitoring the 
concentration of U(VI)(aq) as remediation proceeds, with dropping levels of U(VI)(aq) interpreted as 
success.  While this method may indicate groundwater is safe for public use; aqueous concentrations 
can be changed by many processes.  Reduction, sorption, and advective mixing can all change aqueous 
concentrations, and so concentration measurements cannot discriminate between them.  
Measurements of 238U/235U may be used to trace U reduction directly (Bopp, et al. 2010); but can they 
provide enough information to explain cryptic changes in U(VI)(aq) concentration?  By applying 
238U/235U 
measurement methods to a situation of unexplained fluctuation in U(VI)(aq) concentration in a controlled 
field experiment, we attempt to discriminate between the possible causes of the anomalous 
concentration change (adsorption-desorption, advection, or oxidation/reduction). 
EXPERIMENTAL DESIGN 
The Rifle Integrated Field Challenge Site was designed to test the effectiveness of chemically reducing 
U(VI)(aq) by stimulating indigenous aquifer bacteria by acetate amendment.  The Rifle IFC is situated in a 
small open area previously occupied by a large U tailings pile that was removed as part of the Uranium 
Mill Tailings Remediation Action (UMTRA) program administered by the U.S. Department of Energy; the 
site is designated the Old Rifle Site under the UMTRA program.  This now-removed tailings pile was the 
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source of the residual U contamination in the aquifer.  Previous experiments in biostimulation at the site 
succeeded in significantly reducing U(VI)(aq) concentrations during the period of acetate amendment 
(Anderson, et al. 2003, Williams, et al. 2010).  In these experiments, U(VI)(aq) concentration began 
dropping almost immediately after acetate injection began and remained low until well after acetate 
injection ceased.   
Experimental plot A was located on a 18x12m plot in an unconsolidated aquifer near the 
Colorado River (figure 5.1) and has been the site of 3 summer season bioaugmentation experiments: 
“Winchester” (2007), “Big Rusty” (2008) and “Buckskin” (2009).  The experiment cell has three up-
gradient control wells (U-01 to U-03), a line of 10 closely-spaced (1m) injection wells (the “injection 
gallery”), and a grid of 12 down-gradient monitoring wells (D-01 to D-12) as shown in figure 5.1.  
Groundwater flow is essentially perpendicular to the orientation of the injection gallery with some 
seasonal variation.  Both the observation and control wells were completed with PVC pipe and slotted 
below the water table (≈3m).  Groundwater amended with acetate (5mM) and a potassium bromide 
tracer (2mM) was injected into the subsurface to stimulate U reducing bacteria.  As a common electron 
donor, acetate stimulates the activity of dissimilatory metal-reducing microbes.  Potassium bromide is a 
conservative chemical tracer; it is injected with the acetate to monitor the flow of amended 
groundwater.  The control wells are located up-gradient of the injection gallery, and so are the same as 
the observation wells except for exposure to the acetate-amended groundwater.   
This study focuses on a period when acetate injection was briefly halted after the “Big Rusty” 
experiment started. During this interval U(VI)(aq) concentration increased back to near pre-injection 
levels and remained elevated for several weeks (figure 5.2, dotted line).  This experiment was conducted 
during summer 2008, although samples were taken through March, 2009.  The experiment was 
otherwise similar to those previously reported in duration of acetate amendment, objective, and impact 
on dissolved U concentration (i.e. Anderson, et al. 2003, Williams, et al. 2010).  We have analyzed a set 
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of control samples from well U-01 and down gradient samples from monitoring well D-01 for 238U/235U.  
Each ≈30ml sample of groundwater was filtered through a 0.25μm PTFE filter and immediately acidified 
with ≈200μl of ultrapure 12N nitric acid.  Samples were subsequently analyzed for cation content by ICP-
MS before being sent to the Isotope Geochemistry Laboratory at the University of Illinois at Urbana-
Champaign Department of Geology during spring, 2010.  Samples were stored at 4°C when not being 
analyzed or prepared for analysis.  The samples analyzed here were selected to a sample across spike in 
U(VI)(aq) concentration that occurred during a hiatus in acetate injection (figure 5.2).   
ANALYTICAL METHODS 
Double Isotope Tracer 
The double isotope tracer (or “double spike”) is a high-purity mixture of 233U and 236U with a known 
isotopic ratio that is added to the samples to allow for high-precision measurements.  The double 
isotope tracer used for this study had a 233U/236U of ≈0.46275, a 235U/236U of ≈0.002404, and a 236U/238U 
of ≈550.  The double isotope tracer is added to the samples before U separation and allows for 
correction for instrumental mass fractionation by measuring the 233U/236U.  Samples are spiked to 
produce a 238U/236U of ≈3-4.  The chemical procedures and double isotope tracer methods here are 
similar to published methods (Bopp, et al. 2009, Rademacher, et al. 2006, Edwards, et al. 1987). 
Wet Chemical Methods 
Isotope ratio analysis requires separating U from the sample matrix.  We prepared aliquots of sufficient 
volume to yield 500ng of sample U based on concentrations determined by kinetic phosphorescence 
analysis (following ATSM D5174). The aliquots, ranging in volume from ≈2-30ml, were mixed with 
≈150ng of spike U, and then evaporated to dryness to ensure spike-sample equilibration.  We then 
redissolved the samples in 8N HNO3 for purification by liquid chromatography poly-prep columns 
loaded with 2ml AG1-8X resin.  After loading, the samples were rinsed with ≤3.5 column volumes of 8N 
HNO3 and U eluted in 1ml 18.2MΩ ultrapure water and 6ml of ≈1N HBr.  After again evaporating to 
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dryness, treatment with ≤1ml 15.5N HNO3 to destroy organics, and redissolution in ≈0.3N HNO3, the 
samples were ready for isotopic analysis. 
Isotopic Analysis 
238U/235U analyses were performed on a Nu Plasma Multi-Collecting, Inductively-Coupled Plasma Mass 
Spectrometer (MC-ICP-MS) with attached DSN-100 Desolvating Nebulizer (DSN) (both by Nu 
Instruments) at the Isotope Geochemistry Laboratory at the University of Illinois at Urbana-Champaign 
Department of Geology.  Sample U concentrations were adjusted to provide ≈18V of 238U and ≈125mV 
235U.  All U measurements were made on faraday cups.  Because of the low 235U signal, 238U/235U 
measurements require relatively long baseline measurements (to adequately determine the baseline 
electronic noise) and total analyte counting times (to maximize precision).  A given analysis session 
consisted of a sequence of sample analyses having IRMM U standard REIMP-18A (Richter, et al. 2006) 
spaced every third run, and CRM-112A (formerly NBS U960) spaced every sixth run.  Isotope ratio 
measurements are reported relative to IRMM REIMP-18A in the standard δ-notation: 
δ   R   R    18 
238  
 U238 U235 
 ample
 U238 U235 
 R   R    18 
 
U238 U235 
 R   R    18 
 1000 
Characteristic uncertainty for δ238U measurements is ≈0.13‰ (2σ); however repeated (n=5) preparation 
and analysis (n=8) of the same sample suggests a 2σ uncertainty of ≈0.17‰ for the entire analysis 
protocol, including wet chemical and chromatographic separation steps.  We therefore report a total 
uncertainty of ±0.17‰.  Data accuracy was verified by repeated measurement of the reported ≈0.21‰ 
offset between CRM-112A and IRMM REIMP-18A (Weyer, et al. 2007); the average offset found here is 
0.19‰.  U blank throughout the procedure is low, characteristically less than 0.002% of normal U 
sample load. 
Equation 5.1 
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RESULTS 
Our results are shown graphically in figures 5.2 – 5.4, and are given in Table 5.1.  The up-gradient control 
well U-01 shows no change in δ238U through time despite changes in U(VI)(aq) concentration on the order 
of ≈20%.  This contrasts strongly with the shift in δ238U in observation well D-01: δ238U varies by ≥1.0‰ 
as concentration changes by ≈90%.  The change in δ238U in D-01 initially follows U(VI)(aq) concentration 
quite closely: δ238U and U(VI)(aq) concentration can be seen to decrease sharply from day 0-15. From day 
15 to day 40, δ238U and U(VI)(aq) concentration both rise together, with the change in δ
238U lagging 
somewhat behind (≈10 days) the increase in U(VI)(aq) concentration.  From day 40 to day 65, U(VI)(aq) 
concentration decreases significantly, while δ238U values remain elevated and even slightly rising until 
day 50, after which δ238U begins to decrease as well.  After day 75, both U(VI)(aq) concentration and δ
238U 
remain low until day 150, after which U(VI)(aq) concentration and δ
238U values both rebound as advection 
refreshes the groundwater in the experiment plot. 
 Cation content, alkalinity, and potassium bromide tracer concentration analysis were performed 
by the Rifle IFRC group in the field and provided with the experiment samples used in this study.  
Alkalinity, bromide tracer, and Fe(II) analyses are presented in figure 5.5 and table 5.1.  Alkalinity in D-01 
changes significantly through the experiment period: shifting from lower to higher values during initial 
acetate amendment, then reaching a small peak during the hiatus in acetate injection and dropping off, 
then finally increasing slowly from days 20-40 before spiking upwards as dissolved U concentration 
peaks after day 40.  The potassium bromide tracer increases steadily during the dissolved U 
concentration excursion (days 30-50) after briefly decreasing and then rebounding during the pause in 
acetate amendment (days 15-35).  Fe(II) concentration in D-01 remains variable but high from the 
beginning of the experiment through the pause in acetate amendment until about day 35, after which 
Fe(II) species decrease rapidly and remain low. 
136 
 
DISCUSSION 
Groundwater Reconstruction 
There are essentially three possible causes for the anomalous increase in dissolved U concentration: 1) 
advective influx of water containing a new source of U; 2) desorption of U(VI) previously adsorbed 
during earlier phases of the experiment; and 3) reoxidation of U previously reduced during earlier 
phases of the experiment.  Advective influx of U could raise the dissolved U concentration by mixing a 
higher U-content groundwater from outside the experiment plot with low-U water inside the zone of 
acetate influence.  The release of U(VI) adsorbed on surfaces in the experiment plot into the 
groundwater could also raise dissolved U concentrations.  Finally, the oxidation of reduced U solids in 
the experiment plot would also raise the dissolved U concentration.     
Each of the three possible scenarios for increasing dissolved U concentration represents a 
second pool of U in solution mixing with the U(VI) already present in the “normal” incoming upgradient 
groundwater in the experiment plot.  The isotopic composition of a mixture can be found by: 
           
 
   
   
Where R is an isotope ratio and Xj is a weighting factor; generally the mole fraction contributed by each 
reservoir being mixed with respect to either the total element or, more properly, a given reference 
nuclide.  While Xj is properly calculated by the latter, in isotope systems where one isotope is 
overwhelmingly dominant (i.e. U) only negligible error is introduced by computing Xj with reference to 
the entire element pool (Criss 1999).   
The composition of a system produced by mixing end-members can be analyzed graphically.  An 
isotopic mixing plot can be constructed by plotting δ238U against either dissolved U concentration or the 
reciprocal of U concentration (figure 5.4).  If the reciprocal of concentration is used, conservative two-
component mixing produces a straight line between the two reservoirs along which any material 
Equation 5.2 
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produced by mixing those two end-members must lie (Faure and Mensing 2005).  If more than two end-
members are mixed, then the solutions that may be derived from them must fall within a polygon with 
vertices at each of end-member compositions (in δ238U and reciprocal concentration).  If the mixing end-
members are unknown, their compositions can be estimated by drawing a polygon that encompasses all 
the observations to be explained.  The vertices of this polygon will be the approximate minimum end-
member compositions needed to create the observed data. 
It is also possible to estimate the isotope ratio of the unknown pool by substitution and 
rearrangement of equation 5.2 into equation 5.3: 
                     
     
                  
Where X is the weighting factor, Cobs is the observed total concentration, Cinput is the estimated input of 
U into well D-01 from upgradient, Rrayleigh is the isotope ratio of this U (based on the Rayleigh equation 
and the fractionation factor α=1.00046 estimated from previous work at the site (Bopp, et al. 2010)), R2 
is the isotope ratio of the admixed pool (the “estimated” or “reconstructed” isotope ratio), and Rsystem is 
the observed ratio. 
 This method of determining the isotope ratio of the mixing component from the compositions 
of the mixtures hinges on a number of important assumptions: (1) there are only two mixing end 
members; (2) that Rayleigh-like processes are operating upgradient of D-01; (3) the confidence of the 
Cinput factor.  The assumption of only two mixing pools is defensible provided that a single process is the 
dominant cause of the increase in dissolved U concentration.  This assumption is also a reasonable one 
since advective infiltration of groundwater from the sides of the plot is minimal, as we will show below.  
Assumptions 2 and 3 are more troublesome.  The second assumption requires that any change in 
dissolved U concentration be accompanied by a change in 238U/235U ratio following the Rayleigh curve 
observed in previous experiments at the site (Bopp, et al. 2010).  The Rayleigh equation describes the 
evolution of a system undergoing a chemical reaction or process which does not reach equilibrium and 
Equation 5.3 
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does not allow for the reverse reaction (i.e. because the reacting groundwater flows away from the 
reaction products; Hoefs 2009).  The Rayleigh equation is given by: 
 
  
        
where Ri is the initial isotope ratio of the system, f is the reaction progress variable (f is 0 when no 
reaction has taken place, 1 when the system has completely reacted), α is the fractionation factor of the 
reaction, and R is the isotope ratio of the products at some given f (Criss 1999).  At the Rifle IFC, this 
curve was estimated based on a more straightforward observation of a decrease in dissolved U 
concentration and concomitant change in 238U/235U interpreted as reduction (figure 5.6).  Giving some 
credence to this assumption, if the data from days 15-175 are omitted the observations fall on a 
Rayleigh curve with a similar α.  Because acetate amendment was temporarily halted, it is possible that 
the Rayleigh relationship may no longer apply because the dominant reaction pathways may have 
changed.  Nonetheless, the correspondence between our data and previous observations (Bopp, et al. 
2010; figure 5.6), suggest that assumption 2 is justified.  Estimating the concentration of dissolved U 
contributed from upgradient is most difficult.  A linear and a power law estimate are used in this study 
because these values cannot be directly observed.  The linear estimate is based on the dissolved U 
concentrations observed on days 15 and 65 while the power law estimate was fit to the entire dataset 
except for days 16-64.  The direct dependence of the ratio R2 of the unknown U pool on the value of 
Cinput means that R2 must necessarily be an estimate.  The large uncertainties inherent in Cinput coupled 
with the strong dependence of R2 on Cinput, strongly controls the accuracy of R2.   
The estimated δ238U values of the admixed U pool (R2) are given in figure 5.7.  Because of the 
strong dependence of the estimated ratio R2 on other assumptions, the numerical value of R2 for any 
given data point may not be meaningful.  The shape of the curve formed by the estimated values of R2 is 
informative, however.  The 238U/235U ratio of the admixed pool is seen to rise slowly from day 30 through 
40, and then remain relatively constant before increasing sharply to ≈0.4‰ after day 50.  
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Advection  
The most straightforward explanation for the increase in dissolved U concentration is infiltration of 
higher U concentration groundwater.  The normal flow of ground water through the experiment plot is 
perpendicular to the injection gallery (see figure 5.1); for the purposes here   will refer to this as “normal” 
experiment groundwater.  These “normal” waters contain U(VI) at variable concentrations that depend 
on the amount of reduction prior to arrival at D-01.  Water that does not flow in from this direction (i.e. 
flows in from the side of the gallery; from the right side of figure 5.1) could bring in new U; this water is 
unlikely to have undergone reduction.   
 dvective mixing of this “foreign” advected water with the normal water would be the most 
direct explanation for the spike in U(VI)(aq) concentration, however it is unsatisfactory on several grounds.  
The concentration of the potassium bromide tracer injected with the acetate-amended groundwater 
does not show any anomalous behavior (table 5.1; figure 5.5).  Measured potassium bromide levels drop 
off from day 15 to 25, then rebound from day 25-36 to their previous levels.  This is consistent with a 
short stoppage in acetate amendment.  Were foreign groundwater entering the experiment plot from 
the side, we would expect that potassium bromide concentrations would rebound much more slowly, or 
to a lower level, than what we observe.  Further, the direction and velocity of groundwater flow is well 
characterized for the site (i.e. Anderson, et al. 2003, Williams, et al. 2010) and no anomalous hydrologic, 
geologic, or other events were recorded during the experiment that would cause or account for a 
sudden change in groundwater flow direction. 
We may also reject advective mixing based on the observed 238U/235U ratios.  Two tests are 
available: examination of the reconstructed U ratios of the admixed reservoir (R2) and construction of a 
mixing plot.  The reconstructed 238U/235U ratio (R2, figure 5.7) curve is relatively flat from day 40 to 48, 
indicating a homogenous admixed U reservoir during that time.  This could be consistent with mixing 
foreign groundwater into the experimental plot.  The groundwater entering the monitoring array and 
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flowing to D-01 has a homogenous 238U/235U ratio and a relatively constant U(VI)(aq) concentration during 
the period of the concentration excursion as indicated by observations at control well U-01 (figure 5.3).  
This interpretation is incomplete, however, as it leaves the lower observations before day 33 and the 
higher value near day 50 unexplained.  Figure 5.8 shows the mixing scenario required to produce our 
observations.  Since our observations do not lie along a single line, two-component mixing cannot be 
responsible for them.  Three-component (or more) mixing could account for all of our observations, 
however we reject three-component mixing because there is no site groundwater that is a suitable third 
component: site (i.e. experiment plot and foreign) groundwaters are known to be largely homogenous 
and there is no viable source of uncontaminated groundwater near the experiment plot. 
Desorption 
Desorption of adsorbed U(VI) is another possible cause of the dissolved U concentration excursion.  
When an acetate amendment experiment is not underway, approximately 1 nanomol/g of U is adsorbed 
to the sediments at the Rifle IFRC (K. Williams, personal communication).  Given the density and porosity 
of the sediments, there should be ≈600 μmol/m3 of sediment.  Given that well D-01 is 2m from the 
acetate injection gallery, and groundwater velocities of ≈30-50cm/day, we can estimate the total U 
contributed by complete desorption of U from the sediments over a given period of time.  Desorption 
should create an increase of ≈0.26μ  if over the entire 50-day period (day 15-65); or twice that if 
released only during the period of increasing dissolved U concentrations (day 15-40).  Thus, desorption 
could be responsible for the increase in dissolved U concentration provided that the amount of 
adsorbed U is unchanged by the initial period of acetate injection (day 1-15) and that desorption 
proceeds for a long enough period of time.  The former is unlikely as the adsorbed pool of U should be 
equilibrating with the ambient groundwater, and so as dissolved U concentration decreases over days 1-
15 the amount of adsorbed U should also decrease by mass action.  Since the second condition, that U 
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desorption occurs over a long enough period of time, depends on having a sufficiently large pool of 
adsorbed U and thus cannot be satisfied if the first condition is not satisfied. 
Although desorption of U could account for the increase in dissolved U concentration, it cannot 
account for the 238U/235U observations. Based on analogy with other elements (i.e. Cr; Ellis, et al. 2002), 
we might expect U adsorption to induce no isotopic fractionation.  However, the observations that Mn-
oxide crusts are ≈0.2‰ lighter than seawater led Weyer, et al. (2007) to infer this fractionation during 
sorption. Recent experiments by Wasylenki et al., 2010 largely confirm this sense and magnitude of 
fractionation.  Accepting this, any desorbed U should have a δ238U value of ≈0.2‰ lower than the δ238U 
value of the groundwater it was adsorbed from.  We consider two end-members: a pool of adsorbed U 
equilibrated with the pre-experiment site groundwater (represented by U-01) and a pool of adsorbed U 
equilibrated with groundwater that has already undergone chemical reduction (represented by day 15 
D-01 groundwater).  Figure 5.9 shows these two regions of adsorbed U: one that has δ238U values of ≈-
0.15‰ (≈0.2‰ lower than U-01) for U adsorbed in equilibrium with the site groundwater prior to any 
reduction, and a region of δ238U values near ≈-1.00‰ (≈0.2‰ lower than day 15 D-01) for U adsorbed in 
equilibrium with day 13 groundwater (already chemically reduced).  We can reject desorption of U in 
equilibrium with pre-reduction groundwater because it cannot create our observations.  We can reject 
desorption of U in equilibrium with post-reduction groundwater for two reasons: (1) it is unlikely that 
there will be sufficient U available to desorb to create our observations, and (2) mixing of desorbed U at 
≈-1.00‰ (≈0.2‰ lower than the day 15 D-01 groundwater it was derived from) with groundwater at 
near ≈-0.8‰ should produce a mixture with a δ238U between ≈-1-0.8‰ – which we do not observe. 
We reject a pure desorption case for the reasons above, however desorption is likely to be at 
least partially responsible for the increase in dissolved U concentration.  Examination of the estimated 
δ238U of the admixed pool (R2; figure 5.7) shows a stair-step pattern in δ
238U from lower, to intermediate, 
to higher values.  To first order, this temporal heterogeneity argues against desorption alone as the 
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cause because the desorbed pool should be isotopically homogenous: adsorbed U should not be 
released in any specific order (i.e. adsorbed U cannot be “zoned,” as discussed below) and should reflect 
an aggregate δ238U even if the adsorbed U pool were isotopically heterogeneous.  However, the low 
estimated δ238U values (R2; figure 5.7) from days 20-35 are ≈0.2‰ lower than both the estimated δ
238U 
of the groundwater entering D-01 from up-gradient and the δ238U observed on day 13.  This, combined 
with the smaller increase in dissolved U concentration from days 18-30 and a dip in the observed δ238U 
on day 33, suggests that desorption of U equilibrated with day 13 groundwater contributed to the rise in 
dissolved U concentration during this period.   
Further support for the timing of any desorption of U comes from the observed alkalinity at the 
site.  A small peak in alkalinity occurs near day 15 and a large spike near day 45.  Since surface 
complexation reactions tend to act as effective buffers, the slow increase in alkalinity from days 20-40 
may indicate the buffering effect of surface sites on alkalinity.  In this case surface reactions consumed 
alkalinity and released U (and other adsorbed phases) between days 20-40.  The sharp spike in alkalinity 
observed near day 40 indicates that the buffering capacity of the surfaces has been exhausted and 
desorption is complete (figure 5.5).  This timing of U desorption is consistent with the isotopic data 
suggesting a desorbed U component contributing to the increase in dissolved U concentration from days 
20-40. 
The isotopic and geochemical measurements paint a complicated picture of U desorption, 
however several important points emerge.  First, there is sufficient adsorbed U on day 1 to create the 
excursion in dissolved U concentration.  However, this pool of U should decrease in size from days 1-15 
as dissolved U concentration decreases, and this U does not have the appropriate δ238U to account for 
our observations.  Second, a pool of U adsorbed around day 15 will be too small to support the dissolved 
U concentration excursion and account for our δ238U observations alone.  Third, U desorption is likely 
based on the changing alkalinity at the site and the reconstructed δ238U values (R2; figure 5.7).  
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Therefore, while desorption almost certainly contributes to the increase in dissolved U concentration, it 
cannot be the only process responsible for the increase. 
Reoxidation 
Reoxidation of previously reduced U precipitates is the most probable explanation for the U 
concentration excursion between days 15-60.  Since advection of additional U into the plot has been 
shown not to be responsible for the excursion in dissolved U concentration, and desorption of the 
available U likely cannot provide enough U to create the increase in concentration, reoxidation becomes 
the best explanation for the additional U.  The amount of U in reduced precipitates is at least equal to 
the drop in dissolved U concentration observed since the beginning of the acetate injection experiment 
integrated over time, and may be much larger if “legacy” U precipitates from previous acetate 
amendment experiments are present.   
The stair-step pattern in the reconstructed 238U/235U ratios of the admixed pool (R2) is also 
consistent with the reoxidation of U, though demonstrating so is difficult.  Consider the case of an 
aquifer that is half reducing and half oxidizing.  Groundwater is flowing from the oxidizing to the 
reducing portion.  U(VI)(aq) begins precipitating as the waters enter the reducing zone.  The 
238U/235U of 
the water decreases with decreasing U concentration according to the Rayleigh equation as a function of 
how far the water has travelled into the reducing zone.  The solid U precipitate also decreases in 
238U/235U following the same trend as the water, again as a function of distance from the up-gradient 
edge of the reducing zone2.  The Rifle IFRC, however, differs from this model scenario in that there is a 
transition period: the entire aquifer system is initially oxidizing and U reduction does not begin until 
acetate is added to the system and flows into each cell.  Once acetate amendment has begun U 
reduction begins shortly thereafter, and dissolved U concentration drops rapidly.  U precipitating at a 
given position in the experiment should initially be isotopically heavy and grow isotopically lighter until 
                                                          
2
 This is because the reaction progress f is a function of time, and the position of a given “packet” of groundwater 
changes as a function of groundwater velocity and time. 
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its isotopic composition reflects its position within the reducing system (the condition described above).  
Thus, for any given accumulation of U(IV), there will be some quantity of first-produced, varying 
238U/235U precipitates upon which later precipitates with a constant 238U/235U ratio have deposited.  This 
is most easily envisioned as a single uraninite crystal with an isotopically distinct core and a homogenous 
rim; but this need not be the case.  If these precipitates were then oxidized over time, they would 
release U(VI) with a constant 238U/235U ratio as the exterior U dissolved, followed by a burst of varying 
238U/235U ratio U(VI) as the interior U dissolved.  This is the pattern we observe in the estimated δ238U of 
the admixed pool (R2) from days 40-55: isotopically homogenous U followed by isotopically heavier U.  
This is most easily envisioned as U precipitates growing as zoned mineral crystals; however this need not 
be the case.  As long as the reduced U precipitates accumulate on surfaces or in particles in 
chronological order, then they should be reoxidized reverse order. 
The interpretation of U reoxidation from day 40 onward is consistent with other geochemical 
data.  The concentration of Fe(II) in D-01 drops sharply from day 35 to 45; since the Fe(II) concentrations 
in the U-01 control well are essentially constant, this indicates Fe(II) oxidation to Fe(III).  This change has 
two implications: more Fe(III) available to oxidize U precipitates, and the suggestion of more oxidizing 
waters that will make U(IV) precipitates unstable even if it does not oxidize them directly.  Both of these 
factors should contribute to U oxidation, and thus to the release of reoxidized U from day 35 onward. 
It is important to remember that the estimated δ238U of the admixed pool (R2) is highly 
dependent on the concentration of dissolved U contributed to well D-01 from up-gradient.  If these 
estimates are changed significantly, then the δ238U estimates will also change in response.  Initial 
sensitivity analysis was performed by adding a period of increased dissolved U concentration to the 
baseline linear model, representing the possibility of additional dissolved U being contributed due to the 
pause in acetate injection.  This sensitivity analysis indicates that the pattern presented in figure 5.7 is 
fairly robust, with the pattern more likely to be exaggerated then washed out.  While this is a promising 
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result, the estimated dissolved U concentration entering D-01 remains the controlling factor on 
estimates of δ238U for the admixed pool. 
CONCLUSION 
Using the geochemical and isotopic data discussed above, we can construct a plausible scenario for the 
spike in dissolved U concentration observed on days 20-65.  The first stage of dissolved U concentration 
increase (days 15-32) is driven by a combination of desorption and reoxidation.  This is evidenced by a 
variable slow increase in groundwater alkalinity attributed to surface reactions buffering an otherwise-
larger alkalinity increase, a moderate increase in dissolved U concentrations broadly consistent with the 
expected quantity of adsorbed U, reconstructed δ238U (R2) values that are ≈0.2‰ lighter than the 
groundwater present immediately prior to the rise in dissolved U concentration, and bulk δ238U values 
that are elevated compared to previous measurements.  A transitional period follows from days 32-40, 
characterized by steeply increasing dissolved U concentration, steeply decreasing Fe(II) concentrations, 
and reconstructed δ238U (R2) values that reflect a decreasing desorbed U component and an increasing 
reoxidized U component.  The third phase (days 40-52) is marked by decreasing (but still highly elevated) 
dissolved U concentrations and homogenous reconstructed δ238U (R2) values followed by steeply 
increasing reconstructed δ238U (R2).  This phase is dominated by reoxidized U input: the stair-step 
pattern in the reconstructed δ238U (R2) values are caused by the sequential reoxidation of U precipitates 
and the decreasing concentration is likely derived from a combination of oxidization rate and quantity of 
U precipitate available.  A final phase (days 52-65) is characterized by δ238U values and dissolved U 
concentration in the system returning to levels characteristic of bioreduction at the Rifle IFRC. 
This work shows the utility of 238U/235U analysis in diagnosing changes in dissolved U 
concentration; three important conclusions can be drawn: (1) 238U/235U has the potential to not only 
detect subsurface U reduction (Bopp, et al. 2010) but may also be able to diagnose reoxidation of U; 
thus, 238U/235U analysis is an attractive method for monitoring the long term stability of in situ U 
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sequestration schemes; (2) the reoxidation of reduced U precipitates produces a “stair-step” curve when 
the δ238U of the dissolved U is reconstructed; and (3) that detection of U reoxidation may be possible by 
monitoring 238U/235U with dissolved U concentration in conjunction with other geochemical indicators 
(i.e. a tracer to detect advection).     
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TABLES AND FIGURES 
Table 5.1: δ238U and geochemical observations in wells U-01 and D-01 
Experiment Well D-01   Control Well U-01 
Experiment Time Uranium Geochemical Data Experiment Time Uranium 
Date 
Elapsed 
Time 
Concentration 
(μ ) δ238U 
Alkalinity  
(Total CO3 mM) 
Bromide 
(mM) 
Fe(II) 
(μM) Date 
Elapsed 
Time 
Concentration 
(μ ) δ238U 
7/22/2008 2 1.066 0.26 13.40 0.02 33.31 7/22/2008 2 0.98 
 
7/24/2008 4 0.908 
 
6.40 0.41 44.41 7/24/2008 4 0.93 0.09 
7/26/2008 6 0.739 -0.02 8.90 0.80 60.52 7/26/2008 6 0.97 
 
7/29/2008 9 0.282 -0.68 9.70 1.10 47.09 7/29/2008 9 0.95 
 
7/31/2008 11 0.215 
 
12.20 1.20 55.51 7/30/2008 10 0.94 
 
8/2/2008 13 0.163 -0.85 12.95 1.20 53.90 7/31/2008 11 0.96 
 
8/4/2008 15 0.137 
 
13.70 1.18 42.98 8/4/2008 15 0.97 0.12 
8/7/2008 18 0.163 
 
12.10 0.64 28.29 8/7/2008 18 0.98 
 
8/11/2008 22 0.298 -0.64 9.40 0.16 58.20 8/11/2008 22 0.96 
 
8/14/2008 25 0.341 -0.62 9.85 0.07 54.62 8/12/2008 23 0.93 
 
8/16/2008 27 0.337 
 
10.30 0.18 52.11 8/14/2008 25 0.97 
 
8/18/2008 29 0.321 
 
11.00 0.71 33.66 8/16/2008 27 0.97 
 
8/20/2008 31 0.413 -0.62 11.50 0.97 42.08 8/18/2008 29 0.96 
 
8/22/2008 33 0.592 -0.77 13.40 1.12 37.60 8/20/2008 31 0.96 
 
8/25/2008 36 0.774 
 
13.80 1.21 29.55 8/22/2008 33 0.96 
 
8/27/2008 38 0.866 -0.35 14.10 1.24 29.01 8/23/2008 34 0.97 
 
8/29/2008 40 0.923 -0.21 12.10 1.27 19.88 8/25/2008 36 0.97 
 
8/31/2008 42 0.805 -0.16 23.55 1.08 12.18 8/27/2008 38 0.92 
 
9/2/2008 44 0.681 
 
35.00 1.16 0.00 8/29/2008 40 0.90 
 
9/4/2008 46 0.523 -0.24 23.70 1.28 0.00 8/31/2008 42 0.89 
 
9/6/2008 48 0.441 -0.25 29.80 1.42 0.54 9/2/2008 44 0.91 
 
9/8/2008 50 0.344 0.02 30.90 1.62 0.00 9/4/2008 46 0.92 
 
9/10/2008 52 0.284 
 
35.00 1.80 0.00 9/6/2008 48 0.90 
 
9/12/2008 54 0.276 
 
25.70 1.72 0.18 9/7/2008 49 0.89 
 
9/16/2008 58 0.257 -0.67 26.40 1.37 0.36 9/8/2008 50 0.90 
 
9/18/2008 60 0.287 
 
21.40 0.75 0.72 9/10/2008 52 0.91 
 
9/20/2008 62 0.315 
 
17.70 0.73 0.72 9/16/2008 58 0.83 0.10 
9/22/2008 64 0.194 
 
15.30 1.71 0.72 9/18/2008 60 0.88 
 
9/24/2008 66 0.111 -1.00 12.90 1.93 1.97 9/20/2008 62 0.88 
 
9/26/2008 68 0.100 
 
12.50 2.41 4.48 9/22/2008 64 0.86 
 
9/29/2008 71 0.100 
 
12.10 1.59 0.00 9/24/2008 66 0.82 
 
10/2/2008 74 0.131 
 
13.70 1.77 0.00 10/1/2008 73 0.87 
 
10/10/2008 82 0.101 
 
40.10 2.19 1.07 10/10/2008 82 0.87 
 
10/12/2008 84 0.100 
 
38.30 1.99 5.91 10/28/2008 100 0.87 0.06 
10/17/2008 89 0.058 
 
36.50 1.78 0.36 11/10/2008 113 0.93 
 
10/28/2008 100 0.070 -0.70 18.70 0.59 0.54 11/12/2008 115 0.96 
 
11/10/2008 113 0.055 -0.75 12.40 0.23 1.70 11/17/2008 120 0.99 
 
11/17/2008 120 0.054 
 
11.70 0.21 2.87 12/9/2008 142 0.97 0.08 
12/9/2008 142 0.050 -0.94 10.05 0.05 6.45 12/22/2008 155 0.92 
 
12/22/2008 155 0.102 
 
9.87 0.02 22.92 1/9/2009 173 0.76 0.07 
1/8/2009 172 0.136 -2.06 8.80 0.01 18.80 2/10/2009 205 0.99 
 
1/30/2009 194 0.313 
 
9.00 0.01 17.37 2/26/2009 221 0.91 
 
2/10/2009 205 0.384 
 
7.80 0.01 15.94 3/11/2009 234 1.00 
 
2/26/2009 221 0.447 -0.35 8.00 0.01 38.32 4/9/2009 263 0.98 
 
3/11/2009 234 0.647 
 
6.90 0.01 35.99 
    
4/9/2009 263 0.779 -0.34 6.50 0.00 78.79 
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Figure 5.1: Map of the "Winchester" experiment plot.  Control well U-01 and  experiment well 
D-01 were the focus of this study (circled).  Groundwater flows directly down the plot as indi-
cated by the arrows. 
151 
Figure 5.2: Variation in 238U/235U ratio and dissolved U concentration with time in experiment 
well D-01.  (a) is through the entire analyzed period, while (b) displays only the first ≈70 days.  
The gray shaded area indicates the period displayed in figure 5a.  A single outlying value is in-
dicated by the arrow with the δ238U value above in parentheses. 
152 
Figure 5.3: Observed 238U/235U ratio and dissolved U concentration with time in control well U-
01. 
153 
Figure 5.4: Plot of δ238U against the reciprocal of U concentration.  The large graph shows all 
the δ238U measurements from during the dissolved U concentration excursion, the inset graph 
shows values from the indicated area of the graph. 
154 
Figure 5.5: Alkalinity, Potassium Bromide tracer, Fe(II), and U(VI) concentrations during the first 100 
days of the study.  (a) Alkalinity increases slowly during the period of U increase before increasing 
sharply once U concentrations begin decline.  We interpret this as buffering of groundwater alkalinity 
by surface complexation.  (b) Bromide tracer concentration drops off and quickly rebounds, consistent 
with the hiatus in acetate amendment.  The continuous increase in tracer concentration as U concen-
trations increase is inconsistent with advective mixing from outside the experiment plot (which should 
dilute the bromide tracer).  (c) The drop in Fe(II) indicates more oxidizing waters entering D-01 at the 
same time as U concentrations sharply increase, strongly suggesting reoxidation of U as the cause of 
the increase. 
(a) 
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(b) 
Figure 5.5: Continued. 
156 
(c) 
Figure 5.5: Continued. 
157 
Figure 5.6: Plot of δ238U for down-gradient well D-01 during the Big Rusty experiment and 
from down-gradient well D-07 during the Winchester experiment (Bopp, et al. 2010).  The data 
fall along the same trend, with many data points within uncertainty of one another.  This close 
match between the two studies suggests that the α values found by analysis of the Winchester 
results can be applied to the Big Rusty experiments studied here. 
158 
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APPENDIX A: SUPPLEMENT TO THE ANALYTICAL METHODS OF 238U/235U ANALYSIS 
 
Our study focuses on discriminating isotopic differences between two types of U ore deposit; thus, the 
precision of δ238U determinations is the critical issue for determining whether differences are significant. 
Below, we describe our method of spike calibration and procedure emphasizing that our measurement 
precision allows clear discrimination of the two types of deposits. Furthermore, we show that our 
measured offset in isotopic ratio between two U isotopic standards reproduces the offset observed by 
Weyer et al. (2007), indicating accuracy of our δ-scale determinations.   
After mixing high purity 233U and 236U in a ≈1:4 proportion, the double spike was characterized 
by running it both by MC-ICPMS and ion counting TIMS (as a secondary check). Both instruments have 
an intrinsic analytical bias such that in order to obtain the true isotopic ratios, the double spike must be 
calibrated against a standard solution assuming its isotopic ratio has a known true value. We 
determined the ratios of the double spike by standard-sample-standard bracketing against U standard 
CRM-112A and using an exponential mass bias correction. This procedure follows that of Weyer et al. 
(2007) and Stirling et al. (2005) and reflects the first order method for calibration of the double spike. 
Weyer et al. (2007) describe further analysis of mixes of the double spike with standards of known 
238U/235U in order to generate accurate 238U/235U with the double spike. We have not performed this 
second step but rather have focused on obtaining high precision measurements to discriminate ore type. 
This follows methods used in Stirling et al. (2007) who only report delta values.  
 The issue of whether the instrumental mass bias follows the commonly used exponential law is 
an example of determining absolute 238U/235U ratios or δ-values.  The exponential law is given by: 

Rmeas  Rtrue
m1
m2







 Equation A.1 
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where Rmeas and Rtrue are the measured and true isotope ratios, m1 and m2 are the masses of the two 
isotopes in the ratio, and β is an adjustable parameter that expresses the magnitude of the bias.  The 
actual bias of MC-ICP-MS instruments is thought to follow this law closely, but not perfectly (Albarede 
and Beard, 2004).  For example, if the actual mass bias law were a power law: 
            
        
 (Albarede and Beard, 2004; where g is the adjustable parameter) and the data were reduced using the 
exponential law above, the absolute ratios would be shifted by ≈0.20‰.   But again, because both 
samples and standards are always shifted by the same amount, the delta values will remain constant.  
  The most important assessment of accuracy relevant to this study is the ability to reproduce the 
offset in isotope ratio between two standards of known isotope ratio. Using our double spike method, 
we measure an average “absolute” 238U/235U of ≈137.97 for the REIMP-18A U standard (0.88‰ higher 
than the certified value) and an offset between U-REIMP-18A and CRM-112A to be 0.25‰ ±0.19‰ (2σ).  
This offset is in agreement with the offset reported by Weyer et al. (2007).  
By running multiple standards in any given analysis session and verifying their offset, we are 
able to confidently report offsets of samples from our standard (REIMP-18A).  By measuring samples 
through complete analytical duplication (from aliquoting and double spiking to purification and 
measurement), our precision represents the best estimate of reproducibility. This precision provides 
conclusive evidence for an offset between U ores of distinct formation mechanism. 
Additional References 
Albarede, Francis, and Brian L. Beard, (2004); Analytical methods for non-traditional isotopes; 
geochemistry of non-traditional stable isotopes; In Johnson, C.M., Beard, B.L., and Albarède, F., eds., 
Reviews in Mineralogy and Geochemistry Volume 55: Geochemistry of Non-Traditional Stable Isotopes: 
Washington, DC, The Mineralogical Society of America, pg. 113-152 
Equation A.2 
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APPENDIX B: MATLAB CODE FOR ROLL FRONT SIMULATION 
 
 
%U roll front isotope simulation program 
%in partial satisfaction of the requirements of the Ph.D. in Geology 
%By Charles Bopp 
%developed from RF7 
%Includes background U option 
%Work Completed: 7/5/10 
%% important things to do first 
clear all 
  
%% explanation 
%this program is governed by the overarching equation Utot=Q*T*C*E of Hobday and Galloway (1995) 
%Q=quantity of water flowing past the front 
%T=time front is effective 
%C=concentration of U in said water 
%E=entrapment efficiency; what percentage of U passing the front is sequestered 
  
%% IMPORTANT NOTE 
%this program code is provided as an appendix for the interested reader 
%code was developed as a MATLab script for release 7.5 R2007b 
  
%% Arbitrary Parameters 
% these are needed constants and variables exogenous to the model 
  
T=1500; %time of U deposition; strictly the timestep of the model 
  
%bkswitch=0; %turn off background U; comment if user input used 
  
Em=.03; %Entrapment of U in each reducing node, arbitrary but should be high relative to number of nodes 
Fl=200; %length of the roll front in nodes 
%Fl and Em together determine big E of H&G 
  
%RI=137.85; %238/235 ratio of input U; completely arbitrary -- currently U-A 
Alpha=1.00046; %fractionation factor of U reduction; completely arbitrary; from ES&T paper 
%1.0009=recent U bacterial reduction experiments (ERSP) 
%1.0006066 and 1.00028 = alternative rifle values (unpublished data) 
  
%epsilon=1000*(Alpha-1); %this is actually garbage (vis-a-vis criss, 1999) but we'll use it for now 
%Epsilon=(epsilon*0.13782+137.85)-RI; %RI and Alpha will govern the isotope ratio results 
%RIs=RI+Epsilon; %effort to kill the mass balance problem 
  
%% USER INPUT OPTION 
%this section lets the user specify program parameters before running 
%basically, the user can specify the arbitrary parameters above 
clc 
display('U Roll Front isotope simulator 0.9.5') 
display('  ') 
display('Please set the simulation parameters') 
display('  ') 
%display('Note that the number of timesteps in the model')  
%display('also sets the size of the modelspace') 
%T=input('Timesteps in Model?  '); 
display('  ') 
%Fl=input('Length of Roll Front (in nodes)?  '); 
display('  ') 
%display('Capture efficiency is the fraction of dissolved U captured')  
%display('in each roll front node; must be between 0-1') 
%Em=input('Capture Efficiency of Roll Front?  '); 
display('  ') 
RI=input('238U/235U ratio of input uranium?  '); 
display('  ') 
display('The Dump Routine creates several output matrices') 
display('that are easier to manipulate than the main modelspace.') 
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dump=input('Run Dump Routine? (1=yes, 0=no)  '); 
display('  ') 
%background U in aquifer control 
display('background U in aquifer?') 
bkswitch=input('0=no, 1=yes and specify, 2=yes and use internal routine  '); 
if bkswitch==1 
    Ubk=input('mols of background U per node?  '); 
    Rbk=input('ratio of background U?  '); 
end 
display('  ') 
%set quality control thresholds 
%MbeT=input('Maximum amount of excess U? (MOLS)'); 
%mbet=input('Maximum percentage mass imbalance? (excess mols U/total U)'); 
%sibT=input('Maximum deviation from initial U isotope ratio? (per mil)'); 
display('  ') 
  
%U entry regime selection goes here 
%linear up, linear down, % up/down, hiatus, stop after X, constant 
display('The U input regime controls how U from the aquifer enters the roll system') 
display('[1/2]=linear increase/decrease; [3/4]=percentage increase/decrease') 
display('[5]=U input hiatus; [6]=stop input after % of time') 
display('[0]=constant input') 
isl=input('Please set U input regime:  '); 
if or(isl==3,isl==4); 
    display('Enter percentage of U to add/subtract') 
    percy=input('percentage?  '); 
elseif isl==6; 
    display('Timesteps in model:'); disp(T); 
    display('Enter percentage of time before U input stops') 
    percy=input('percentage? (from 0-1)  '); 
end 
  
display('press any key to run model') 
pause 
  
clc 
display('  ') 
display('  ') 
display('U Roll Front isotope simulator 0.9.5') 
display('Working...') 
  
%% Adjust Arbitrary Parameters 
%bunch of adjustments needed to make the model work 
  
T=T+1; 
L=T; %T also sets length of the model for ease of programming 
%big T is the T of H&G 
  
  
%% Quality Control Thresholds 
%this section sets how much the mass and isotope balances need to be off by before the program will report them as failed 
  
%set quality control thresholds 
%these are arbitrary at the moment 
%this is the maximum allowable amount of extra U 
MBeT=0.000001;  %absolute mass balance threshold; in MOLS 
%this is the maximum allowable amount of extra U as a percentage of total U in the system 
mbet=0.00000000001;  %percentage mass balance threshold 
%this is the maximum deviation from RI that the end state of the system is allowed 
sibT=0.01; %maximum deviation from RI, in per mil units 
  
%dump=1;%dump routine control -- use if dump is not set by user 
  
%% drainage parameters 
%these are needed for Q and C 
%these are presumed constant in time 
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%this entire section is strictly spurious: CIs and QIs could be arbitrary 
  
%the below could be user inputs 
Da=1; %size of drainage area in sq. kilometers 
Sw=43; %amount of surface water per unit time in the drainage area in CM 
Aqc=.01; %percent of drainage captured by the aquifer being simulated 
Er=.003; %erosion rate in m/yr 
sU=5.8; %concentration of U in eroding rock in ug/g (RGM-1 here) 
Drd=2.75; %density of eroding rock in g/cc (granite here) 
  
%the below are not user inputs 
SW=Sw*.01; %convert Sw to meters 
Dm=(Da*1000000)*SW; %total drainage in cubic meters 
Dt=Dm*1000; %total drainage in liters 
Et=Er*(1000^2); %total erosion in cubic meters 
Etc=Et*1000000; %total erosion in cc 
ml=Drd*Etc; %mass of eroding rock lost in grams 
U=(ml*sU)/1000000; %mass of uranium lost into water in g 
Umol=U/238.029; %mols of U from surface 
  
QIs=Dt*Aqc; %total water into aquifer in liters 
CIs=U/Dt; %concentration of U into aquifer in g/l 
CIsm=Umol/Dt; %concentration of U into aquifer in mol/l 
  
%% Create workspace 
% this section will initialize time and space! 
% It's SCIENCE! 
  
L=L+(2*Fl); %expands L to prevent matrix dimension errors 
AQ=zeros(T,L,4); %creates a matrix to work in, Z dims for different data 
% extra Z dimensions are for (1)U in precipitate; (2)U in water; (3)U ratio in 
% rocks; (4)U ratio in water 
  
%Initialize isotope balance matrix 
IMB=zeros(T,L,4);  
%(1)235 in water; (2)238 in water; (3)235 in rocks; (4)238 in rocks 
IMBQ=zeros(1,L,2); %creates vector of isotope mass balance QC results; 
%(1) = 235; (2) = 238; vector should equal zero at every step 
  
%% background U vector 
  
AUTObk=0; %set automatic background trigger to FALSE 
if bkswitch==2; %determine backgroud U automatically 
    Ubk=Umol/(T+Fl); %better be in MOLS 
    Rbk=RI; 
    AUTObk=1; %set the automatic background trigger to TRUE 
elseif bkswitch==0; %zero out background U 
    Ubk=0; 
    Rbk=0; 
end 
  
bkdetect=0; 
if or(bkswitch==1,bkswitch==2); 
    bkdetect=1; 
end 
  
 %% Create initial line 
% this section should solve T=1 (line 1) 
  
%drill=zeros(1,L); %this pre-allocates a vector to store the ratios that would be observed if the front were sampled at that point at that time 
Ls=Fl+1; Le=L+Fl; %these set the actual length of computation, leaving FL empty columns on each side of the workspace 
ftrack=zeros(1,T); %initialize a vector to store F (for reference later) 
masbal=zeros(1,T); %initialize a vector to store the results of the mass balance check routines 
massglobal=zeros(1,T,2); %initialize a vector to store U input for global mass balance (into system, leaked, bkg) 
leakglobal=zeros(1,T,2); %initialize vector to track global isotopes lost due to water outflow (235, 238) 
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masbal(1,1)=1; %compensates for background U vector 
  
CI=CIsm; %if every case above is commented, uncomment this line (note: CI now in MOLS/l) 
Umols=(CI*QIs); %Umols is mols of U in solution for the constant case (above line) 
  
%populate background vector 
if bkdetect==1; 
    AQ(1,(Fl):(L-1),1)=Ubk; %populate background U 
    AQ(1,(Fl):(L-1),3)=Rbk; %populate background U ratio 
    massglobal(1,1,1)=sum(AQ(1,:,1)); %add background U to the total mass of U in the system; 
end 
  
for t=2; 
        %snatched from below; used to add background U 
        for l=t-2; 
             for rz=(l+Ls); 
        Ov=AQ(:,rz-1,1); %this snatches the required AQ vector for U quantity 
        Rv=AQ(:,rz-1,3); %this snatches the required AQ vector for ratios 
        Ovt=sum(Ov); %total U in solid in mols (redundant, all now in MOLS; was div. by 238) 
               for i=1:T; 
            Ovm(i)=Ov(i); %convert to mols (already in MOLS; was div by 238) 
            Ovf(i)=Ovm(i)/Ovt; %mol fraction 
            Rvz(i)=Ovf(i)*Rv(i); %convert Rv into total ratio of the ore 
               end 
        Ro=sum(Rvz); %ratio of the ore in bulk 
             end 
         end 
  
for rz=(l+Ls); 
        if bkdetect==1; 
            Ci=((Ovt)+(CI*QIs))/QIs; %creates new concentration of U into front (now in MOLS/l) 
            Ri=((Ovt/(Ovt+Umols))*Ro)+((Umols/(Ovt+Umols))*RI); %creates new ratio of U into front 
        elseif bkdetect==0; 
            Ci=CIsm; 
            Ri=RI; 
        end 
         
%for rz=Ls; 
        AQ(t,rz,1)=Ci*QIs*Em; %This finds uranium deposited (now in MOLS) 
        AQ(t,rz,2)=((Ci*QIs)-AQ(t,rz,1))/QIs; %this finds concentration of uranium left in the water (MOLS/l) 
        z=Em; %set f 
        f=1-z; %set f really 
        theta=1-Em; %set theta 
        psi=1-Em; %set psi 
        AQ(t,rz,4)=Ri*f^(Alpha-1); %compute ratio of liquid TRUE 
        BZQ=((AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1)); %how much 235 in the WATER 
        BZW=(Ci*QIs)/(Ri+1); %how much 235 there was to start with 
        BZE=BZW-BZQ; %how much 235 went into the solid 
        AQ(t,rz,3)=(AQ(t,rz,1)-BZE)/BZE; %ratio of solid DEPOSITED 
        %this adds the background U === NOT IMPLEMENTED YET 
        %BZR=AQ(1,rz,1)+Ubk; %total U in ground 
        %AQ(1,rz,3)=((AQ(1,rz,1)/BZR)*AQ(1,rz,3))+((Ubk/BZR)*Rbk); %real ratio of U in ground, mixin' maths 
        %AQ(1,rz,1)=BZR; %update total U in ground 
        %AQ(1,rz,3)=AQ(1,rz,4)*Alpha; %??? 
        %AQ(1,rz,3)=AQ(1,rz,4)+Epsilon; %computes ratio of solid APPROX 
        ftrack(1,rz)=f; %store F 
        %isotope balancing 
        IMB(t,rz,1)=(AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1); %finds MOLS 235 in water 
        IMB(t,rz,2)=(AQ(t,rz,2)*QIs)-IMB(t,rz,1); %finds MOLS 238 in water 
        IMB(t,rz,3)=AQ(t,rz,1)/(AQ(t,rz,3)+1); %finds MOLS 235 in solid 
        IMB(t,rz,4)=AQ(t,rz,1)-IMB(t,rz,3); %finds MOLS 238 in solid 
end 
  
for rz=Ls+1:Ls+Fl 
    AQ(t,rz,1)=AQ(t,rz-1,2)*Em*QIs; %finds U deposited here and now (now in MOLS) 
    AQ(t,rz,2)=((AQ(t,rz-1,2)*QIs)-AQ(t,rz,1))/QIs; %finds new remaining U in solution (now in MOLS/l) 
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    theta=psi*Em; %update theta 
    psi=psi-theta; %update psi 
    f=f-theta; %update f 
    %f=1-z; %update f really 
    AQ(t,rz,4)=Ri*f^(Alpha-1); %compute ratio of liquid 
    BZQ=((AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1)); %how much 235 in the WATER 
    BZW=((AQ(t,rz-1,2)*QIs))/(AQ(t,rz-1,4)+1); %how much 235 there was to start with 
    BZE=BZW-BZQ; %how much 235 went into the solid 
    AQ(t,rz,3)=(AQ(t,rz,1)-BZE)/BZE; %ratio of solid? 
    %this adds the background U === NOT IMPLEMENTED YET 
    %BZR=AQ(1,rz,1)+Ubk; %total U in ground 
    %AQ(1,rz,3)=((AQ(1,rz,1)/BZR)*AQ(1,rz,3))+((Ubk/BZR)*Rbk); %real ratio of U in ground, mixin' maths 
    %AQ(1,rz,1)=BZR; %update total U in ground 
    %AQ(1,rz,3)=AQ(1,rz,4)*Alpha; %??? 
    %AQ(1,rz,3)=AQ(1,rz,4)+Epsilon; %computes ratio of solid 
    %isotope balancing 
    IMB(t,rz,1)=(AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1); %finds MOLS 235 in water 
    IMB(t,rz,2)=(AQ(t,rz,2)*QIs)-IMB(t,rz,1); %finds MOLS 238 in water 
    IMB(t,rz,3)=AQ(t,rz,1)/(AQ(t,rz,3)+1); %finds MOLS 235 in solid 
    IMB(t,rz,4)=AQ(t,rz,1)-IMB(t,rz,3); %finds MOLS 238 in solid 
end 
ftrack(1,t)=f; %store F 
  
%mass balance check 
mbv=AQ(t,:,1); %vector of this timestep 
mbsum=sum(mbv); %sum of U in this timestep 
mb1=mbsum/(Ci*QIs); %percent of U from timestep accounted for (should now be in MOLS) 
mb=mb1+f; %percent of U accounted for plus F; should equal unity 
masbal(1,t)=mb; %store mass balance results for future reference 
  
%isotope balance check 
ribvl=IMB(t,:,3); %get vector 235 rocks 
ribvh=IMB(t,:,4); %get vector 238 rocks 
ribl=sum(ribvl); %total 235 in rocks 
ribh=sum(ribvh); %total 238 in rocks 
wibvl=IMB(t,:,1); %get vector 235 water 
wibvh=IMB(t,:,2); %get vector 238 water 
wibl=sum(wibvl); %total 235 in water 
wibh=sum(wibvh); %total 238 in water 
  
ibl=ribl+IMB(t,Ls+Fl,1); %total 235 in system 
ibh=ribh+IMB(t,Ls+Fl,2); %total 238 in system 
imbz=(Ci*QIs)/(Ri+1); %235 in initial U input 
imbx=(Ci*QIs)-imbz; %238 in initial U input 
%imbz=(Ubk/(Rbk+1))+imbz; %total 235 input w/bkg 
%imbx=(Ubk-(Ubk/(Rbk+1)))+imbx; %total 238 input w/bkg 
  
IMBQ(1,t,1)=(ibl-imbz)/imbz; %test isotope balance for 235 
IMBQ(1,t,2)=(ibh-imbx)/imbx; %test isotope balance for 238 
  
massglobal(1,t,1)=CI*QIs; %U into system in MOLS 
%massglobal(1,t,2)=CIsm*f*QIs; %U out of the system in MOLS 
massglobal(1,t,2)=AQ(t,Fl+Ls,2)*QIs; %gets U mols out of the system 
%massglobal(1,1,3)=Ubk*Fl; %Bkg U in this vector 
leakglobal(1,t,1)=IMB(1,Ls+Fl,1); %store total 235 out of RF 
leakglobal(1,t,2)=IMB(1,Ls+Fl,2); %store total 238 out of RF 
  
end 
  
%drill(1,Ls)=AQ(1,Ls,3); %vestigial code? 
clear psi theta f ribvl ribvh ribl ribh wibvl wibvh wibl wibh ibl ibh imbx imbz 
  
%% Solve forward through time 
% this is the way harder part 
% for this draft, I'll be assuming that all available ore is consumed in the period it is encountered 
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%Ovm=zeros(1:T); 
%Ovf=zeros(1:T); 
%Rvz=zeros(1:T); 
  
for t=3:T; 
%    t=2; %this is for testing by commenting out the for loop loop 
  
%all below cases should now be in MOLS 
if isl==1; 
% these cause U concentration in change with time linearly  
%+% initial U per timestep case 
CI=CIsm+(CIsm*(t/T)); 
elseif isl==2; 
%-% initial U per timestep case 
CI=CIsm-(CIsm*(t/T)); 
elseif isl==3; 
%this loop increases input U by 0.5% of the previous timestep 
if t > 3; 
    CI=(CI+(CI*percy)); 
else 
    CI=CIsm+(CIsm*percy); 
end 
elseif isl==4; 
%this loop decreases input U by 0.5% of the previous timestep 
if t > 3; 
    CI=(CI-(CI*percy)); 
else 
    CI=CIsm-(CIsm*percy); 
end 
  
elseif isl==5; 
%this loop stops U input during the middle half of the model 
if t > (T*.75); 
    CI=CIsm; 
elseif t > (T*.25); 
    CI=0.000000000000001/238.029; 
else 
    CI=CIsm; 
end 
elseif isl==6; 
%this loop stops input U completely after a selected time interval 
%if t > (.25*T); %U input stops after 1/4 time has passed 
%if t > (.5*T);  %U input stops after 1/2 time has passed 
%if t > (.75*T); %U input stops after 3/4 time has passed 
if t > (percy*(T-1)); %U input stops after percy has passed 
    CI=0.000000000000001/238.029; 
else 
    CI=CIsm; 
end 
else 
%dimensional analysis 
CI=CIsm; %if every case above is commented, uncomment this line (note: CI now in MOLS/l) 
%Umols=(CI*QIs)/238.029; %Umols is mols of U in solution for the varying input case 
end 
Umols=(CI*QIs); %Umols is mols of U in solution for the constant case (above line) 
    for l=t-2; 
    for rz=(l+Ls); 
        Ov=AQ(:,rz-1,1); %this snatches the required AQ vector for U quantity 
        Rv=AQ(:,rz-1,3); %this snatches the required AQ vector for ratios 
        Ovt=sum(Ov); %total U in solid in mols (redundant, all now in MOLS; was div. by 238) 
        for i=1:T; 
            Ovm(i)=Ov(i); %convert to mols (already in MOLS; was div by 238) 
            Ovf(i)=Ovm(i)/Ovt; %mol fraction 
            Rvz(i)=Ovf(i)*Rv(i); %convert Rv into total ratio of the ore 
        end 
        Ro=sum(Rvz); %ratio of the ore in bulk 
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    end 
    % currently have mols U from ore in Ovt and U ore ratio in Ro 
    for rz=(l+Ls); 
        Ci=((Ovt)+(CI*QIs))/QIs; %creates new concentration of U into front (now in MOLS/l) 
        Ri=((Ovt/(Ovt+Umols))*Ro)+((Umols/(Ovt+Umols))*RI); %creates new ratio of U into front         
        % the below is from above line-for-line 
        AQ(t,rz,1)=Ci*QIs*Em; %This finds uranium deposited (should be in MOLS) 
        AQ(t,rz,2)=((Ci*QIs)-AQ(t,rz,1))/QIs; %this finds concentration of uranium left in the water (should be in MOLS) 
        z=Em; %set f 
        f=1-z; %set f really 
        theta=1-Em; %set theta 
        psi=1-Em; %set psi 
        AQ(t,rz,4)=Ri*f^(Alpha-1); %compute ratio of liquid 
        BZQ=((AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1)); %how much 235 in the WATER 
        BZW=(Ci*QIs)/(Ri+1); %how much 235 there was to start with 
        BZE=BZW-BZQ; %how much 235 went into the solid 
        AQ(t,rz,3)=(AQ(t,rz,1)-BZE)/BZE; %ratio of solid? 
        %AQ(t,rz,3)=AQ(t,rz,4)+Epsilon; %computes ratio of solid 
        %ftrack(t,rz)=f; %store F 
        %isotope balancing 
        IMB(t,rz,1)=(AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1); %finds MOLS 235 in water 
        IMB(t,rz,2)=(AQ(t,rz,2)*QIs)-IMB(t,rz,1); %finds MOLS 238 in water 
        IMB(t,rz,3)=AQ(t,rz,1)/(AQ(t,rz,3)+1); %finds MOLS 235 in solid 
        IMB(t,rz,4)=AQ(t,rz,1)-IMB(t,rz,3); %finds MOLS 238 in solid 
    end 
  
    for rz=(1+l+Ls):(Ls+l+Fl); 
        AQ(t,rz,1)=AQ(t,rz-1,2)*Em*QIs; %finds U deposited here and now (should now be in MOLS) 
        AQ(t,rz,2)=((AQ(t,rz-1,2)*QIs)-AQ(t,rz,1))/QIs; %finds new remaining U in solution (should now be in MOLS) 
        theta=psi*Em; %update theta 
        psi=psi-theta; %update psi 
        f=f-theta; %update f 
        %f=1-z; %update f really 
        AQ(t,rz,4)=Ri*f^(Alpha-1); %compute ratio of liquid 
        BZQ=((AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1)); %how much 235 in the WATER 
        BZW=((AQ(t,rz-1,2)*QIs))/(AQ(t,rz-1,4)+1); %how much 235 there was to start with 
        BZE=BZW-BZQ; %how much 235 went into the solid 
        AQ(t,rz,3)=(AQ(t,rz,1)-BZE)/BZE; %ratio of solid? 
        %AQ(t,rz,3)=AQ(t,rz,4)+Epsilon; %computes ratio of solid 
        %ftrack(t,rz)=f; %store F 
        %isotope balancing 
        IMB(t,rz,1)=(AQ(t,rz,2)*QIs)/(AQ(t,rz,4)+1); %finds MOLS 235 in water 
        IMB(t,rz,2)=(AQ(t,rz,2)*QIs)-IMB(t,rz,1); %finds MOLS 238 in water 
        IMB(t,rz,3)=AQ(t,rz,1)/(AQ(t,rz,3)+1); %finds MOLS 235 in solid 
        IMB(t,rz,4)=AQ(t,rz,1)-IMB(t,rz,3); %finds MOLS 238 in solid 
    end 
    F=f; 
    %clear psi theta f 
     
    %mass balance checker here 
    mbv=AQ(t,:,1); %vector of this timestep 
    mbsum=sum(mbv); %sum of U in this timestep 
    mb1=mbsum/(Ci*QIs); %percent of U from timestep accounted for (should now be in MOLS) 
    mb=mb1+f; %percent of U accounted for plus F; should equal unity 
    masbal(1,t)=mb; %store mass balance results for future reference 
    massglobal(1,t,2)=AQ(t,Fl+Ls+l,2)*QIs; %gets U mols out of the system 
     
    %isotope mass balance checker 
    ribvl=IMB(t,:,3); %get vector 235 rocks 
    ribvh=IMB(t,:,4); %get vector 238 rocks 
    ribl=sum(ribvl); %total 235 in rocks 
    ribh=sum(ribvh); %total 238 in rocks 
    wibvl=IMB(t,:,1); %get vector 235 water 
    wibvh=IMB(t,:,2); %get vector 238 water 
    wibl=sum(wibvl); %total 235 in water 
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    wibh=sum(wibvh); %total 238 in water 
  
    ibl=ribl+IMB(t,Ls+Fl+l,1); %total 235 in system 
    ibh=ribh+IMB(t,Ls+Fl+l,2); %total 238 in system 
    imbz=(Ci*QIs)/(Ri+1); %235 in initial U input 
    imbx=(Ci*QIs)-imbz; %238 in initial U input 
  
    IMBQ(1,t,1)=(ibl-imbz)/imbz; %test isotope balance for 235 
    IMBQ(1,t,2)=(ibh-imbx)/imbx; %test isotope balance for 238 
     
    leakglobal(1,t,1)=IMB(t,Ls+Fl+l,1); %store total 235 out of RF 
    leakglobal(1,t,2)=IMB(t,Ls+Fl+l,2); %store total 238 out of RF 
  
    end 
    massglobal(1,t,1)=CI*QIs; %U mols into the system at each timestep 
    ftrack(1,t)=f; %store F 
end 
  
%% Driller 
%this section samples across the length of the front 
%and finds the ratio that an analyst sampling the front might see 
%this section assumes the U ore is well-mixed 
%driller samples the final front configuration 
drill=zeros(3,Fl); 
    for rz=(L-Fl-1):L-1; 
        Ov=AQ(:,rz,1); %this snatches the required AQ vector for U quantity 
        Rv=AQ(:,rz,3); %this snatches the required AQ vector for ratios 
        Ovt=sum(Ov); %total U in solid in mols (already in MOLS; divide by 238) 
        for i=1:T; 
            Ovm(i)=Ov(i); %convert to mols (already in MOLS) 
            Ovf(i)=Ovm(i)/Ovt; %mol fraction 
            Rvz(i)=Ovf(i)*Rv(i); %convert Rv into total ratio of the ore 
        end 
        Ro=sum(Rvz); %ratio of the ore in bulk 
        drill(1,rz)=Ro; %stores ratio for given l in vector "drill" 
        drill(2,rz)=Ovt; %stores total U for given l in "drill" 
    end 
drill=drill(:,L-Fl-1:L-1); %final ratios for the front 
drill(3,:)=((drill(1,:)-RI)/RI)*1000; %above in permils 
  
  
%% convert to permil notation 
%this section constructs a permil ratio matrix 
permil=zeros(T,L); 
  
for t=1:T; l=1:L; 
    permil(t,l)=((AQ(t,l,3)-RI)/RI)*1000; 
end 
  
for t=1:T; 
    for l=1:L; 
        if permil(t,l)<(-5); 
        permil(t,l)=permil(t,l)+1000; 
        end   
    end 
end 
  
%% Verify Mass Balance 
%timestep verification vector 
mbf=sum(masbal); 
if mbf==T 
    MBs=1; 
else 
    MBs=0; 
end 
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%end-of-model mass balance checker 
mbg=sum(massglobal(1,:,1)); %total U mols into system 
mbi=sum(AQ(:,:,1)); %ore summation step 
mbii=mbi(1,(L-Fl-1):(L-1)); %summation step 
mbiii=sum(mbii); %total mols U in RF at end of system 
mbiv=sum(massglobal(1,:,2)); %total mols U that have exited the system 
mbv=mbiii+mbiv; 
MBe=mbg-mbv; %mass balance subtraction 
mbe=MBe/mbg; %percent mass balance deviation 
  
%certify MB 
if MBs==1 && MBe<MBeT && mbe<mbet; 
    MB=1; 
elseif MBs==1; 
    MB=2; 
else 
    MB=0; 
end 
  
%% Verify Isotope Balance 
%these are known not to add up to zero exactly 
  
%find original U into system 
%NOTE: this assumes all U flow into the system, no starting natural U! 
in235=mbg/(RI+1); %235 into the system 
in238=mbg-in235; %238 into the system 
  
%find isotopes within the system 
lib=sum(IMB(:,:,3)); 
libi=lib(1,L-Fl-1:L-1); 
ore235=sum(libi); %total 235 in RF 
  
hib=sum(IMB(:,:,4)); 
hibi=hib(1,L-Fl-1:L-1); 
ore238=sum(hibi); %total 238 in RF 
  
%find leaking isotopes 
leak235=sum(leakglobal(1,:,1)); 
leak238=sum(leakglobal(1,:,2)); 
  
out235=ore235+leak235; 
out238=ore238+leak238; 
  
%test balance globally 
LIB=in235-out235; 
HIB=in238-out238; 
LID=LIB/in235; 
HID=HIB/in238; 
  
%total system deviation 
sir=out238/out235; %final system isotope ratio 
sibpm=(((sir)-RI)/RI)*1000; %difference between final system and initial RI 
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%% end of program stuff 
clc 
display('program complete') 
display('   ') 
  
if MB==0; 
    display('Mass Balance Tests FAILED') 
elseif MB==1 && MBe==0; 
    display('Mass Balance Tests PASSED') 
elseif MB==1; 
    display('Mass Balance Tests PASSED with conditions') 
    display('  ') 
    if MBs==0; 
        display('Timestep Mass Balance FAILED') 
    else 
        display('Timestep Mass Balance PASSED') 
    end 
    display('  ') 
    if MBe==0; 
        display('System Mass Balance PASSED') 
    else 
        display('System Mass Balance SATISFACTORY') 
        display('deviation thresholds:') 
        display('total absolute deviation threshold:'); disp(MBeT) 
        display('percent deviation threshold'); disp(mbet) 
        display('Deviation Values:') 
        display('System Absolute Mass Imbalance (mols):'); disp(MBe) 
        display('System Percent Mass Imbalance (Imbalance/Total U):'); disp(mbe) 
    end 
elseif MB==2; 
    display('Stepwise Mass Balance Tests PASSED') 
    display('Total System Mass Balance Tests FAILED') 
    display('System Absolute Mass Imbalance (mols):'); disp(MBe) 
    display('System Percent Mass Imbalance (Imbalance/Total U):'); disp(mbe) 
end 
display('  ') 
display('press any key to continue report') 
pause 
display('  ') 
%isotope balance reporting 
if sibpm==0; 
    display('Isotope Balance PASSED') 
elseif sibpm < sibT; 
    display('Isotope Balance SATISFACTORY') 
    display('System Initial Isotope Ratio:'); disp(RI) 
    display('Isotope Ratio Threshold (per mil deviation):'); disp(sibT) 
    display('System Final Isotope Ratio:'); disp(sir) 
    display('System Final Isotope Deviation (per mil):'); disp(sibpm); 
else 
    display('Isotope Balance FAILED') 
    display('System Final Isotope Ratio:'); disp(sir) 
    display('System Final Isotope Deviation (per mil):'); disp(sibpm); 
end 
  
display('  ') 
display('press any key to continue report') 
pause 
display('  ') 
  
%% Dump Routine 
% this dumps the last lines of AQ into a dummy matrix 
  
if dump==1; 
bil=zeros(4,L); 
bil(1,:)=AQ(T,:,1); 
bil(2,:)=AQ(T,:,2); 
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bil(3,:)=AQ(T,:,3);  
bil(4,:)=AQ(T,:,4); 
bill=zeros(4,Fl+1); 
for i=(L-Fl):L-1; 
    bill(1,i-(L-Fl-1))=bil(1,i-1); 
    bill(2,i-(L-Fl-1))=bil(2,i-1); 
    bill(3,i-(L-Fl-1))=bil(3,i-1);  
    bill(4,i-(L-Fl-1))=bil(4,i-1); 
end 
  
% this dumps the first RF node permils into a vector 
fpermil=zeros(1,T); 
for i=Ls:(T+Fl-1); 
    fpermil(1,i-(Ls-1))=permil(i-(Ls-2),i); 
end 
  
%this dumps the last line of permil into a vector 
qpermil=permil(T,:); 
lpermil=qpermil(1,(L-Fl-1):L-1); 
  
%display what everything is 
display('fpermil = vector of first node permil values') 
display('lpermil = vector of last timestep permil values') 
display('bill = matrix of last timestep values')  
display('U in ore, U in water, Ratio of ore, Ratio of water') 
  
display('  ') 
display('press any key to continue report') 
pause 
display('  ') 
  
else 
    display('Dump Routine Skipped') 
end 
  
%% copyright and data locations 
display(' ') 
display(' ') 
display('matrix of front delta values: "permil"') 
display('matrix of simulated observed delta values for the roll front') 
display('at the end of the model: "drill"') 
display('all aquifer data is located in matrix "AQ"') 
display('for easier data analysis use Excel Link') 
display('       ') 
display('See annotated program code for details on everything!') 
display('       ') 
display('Copyright Charles John Bopp IV') 
display('Lundstrom Research Group') 
display('Isotope Geochemistry and Igneous Petrology') 
display('Department of Geology') 
display('University of Illinois at Urbana-Champaign') 
%display('') 
  
%% END OF PROGRAM %% 
 
 
